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I. TECHNICAL REPORT SUMMARY 

Die object of this program has been the development of high average power. 
flashOamp pumped dye laser technoloQr. The program has resulted in the develoment 
of a dye laser with an average power output in excess of 100 watts at a repetition 
rate of 250 Hz, and it appears feasible to scale up the device to a power of the 
order of 1 kilowatt. Applications for such dye lasers include underwater connunica- 
tion and ranging, target illumination and designation, underwater and atmospheric 
propagation studies, remote sensing and monitoring and photochemical processing 
including isotope separation. Application involving ranging generally require a 
short duratirm pulse, typically 10-20 nenoseconds. This is difficult to achieve 
with reasonaole efficiency using a flashlamp pump. For this reason, consideration 
was also given in this program to means of obtaining a high effective time resolu- 
tion using a long duration pulse and some preliminary experiments directed toward 
thia and were carried out. «'"warn 

Dye lasers can be pumped either by flashlamps or by visible ion lasers. The 
laser pumping is very efficient in the conversion of pump radiation to dye laser 
radiation however the overall efficiency of such a system is quite low due to the 
inefficiency of the pumping laser. Laser pumping with present or projected ion 

lO^SfetoT1   COnStitute a Vlable ^«^ to obtaining power in excess of about 

Flashlamp pumped dye lasers were first demonstrated by Sorokin (Ref. 1-1) usw 
coaxial flashlamps. In these lamps the discharge takes plL in an ^M ^egfon ' 
between the dye cell which forms the inner wall of the lamp and a cylindrical outer 

£lZt  Jll ^  *hl;*ness of the outer Jacket ^ be made as thick as necessary 
SthiwifJ   ^OCk 0f the dLschar*e- ^e ^er wall is reinforced by the liquid 
d^t ^ PL     t   ^^ theSe lamPS> hlgh efficien^ and high energjr per pulse 
can be obtained. These lamps are not suitable for high average power operation, 

^?rr TUSe^1
the:Lrliinite<ilifeandll,nited petition rate. Linear flLh- 

ITZ*T*     It ^ T*  f0r Vm*ing ^ laSerS- These ^P8 are ^«^ler to con- 
S S T  ^^ .lamPS "l ^ eaSier t0 replaCe- ^^ lifetijne is ^^what better than the coaxial lamps; when fired at about 1/3 of their explosion lünit 
the lifetime ia typically 10,000 shots. These are not well suited for high power 
operation. Operating at a repetition rate of 10 pps, this lifetime corresponds to 
only 15 minutes of operation. 

<.w T0 Un"ed T*?1110106168 Research Center has developed a fast risetime flashlamp 
l™l<t8 I*   ^^ WeU- SUited f0r l0ng tem' hi^ power ^ ^^ repetition rat7 
pumping of a dye laser. The lamp is operated with a vortex flow of gas at a pressure 
ofone to several atmospheres. The walls of the discharge chamber are well removed 
from the arc to allow for shock wave dissipation and to eliminate wall vaporization. 

1-1 
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ZlrlTan5^™ ^^ COOl±ne f0r the lm^ to ^ hi^ average power 

lajnp atd the dye cell are aH^ed «i^JTv ^r   ^ y* 1S cavity the flash- 

zation of the Lc     A^lT'i ^^ncal environment assist« in the stablli- 

was not use"! tl Z^ZZZflTZTlf^^^Z^T ^^ 
that the symmetrical environmenf was necess^ to Prevent tlT       I ^ " ^ f0Und 

along the envelope and destroying it.    ^tl^    ^       Xg ^ 1?^ 
symmetrical environment is not necessary. discharge is used, the 

The spherical cavity has a number of advantages      Tt m™^- *. 
unifom distribution of the pumping light     Z ™i w. ^ ^ azüftutha1^ 

was operated at a po»or leve! of sliphtlv ov^kn     *f     ! ThlS laser 

up to XOO „2.    ffie Po„cr outpuf ^S llrlT LS ^S^e0!"'6 ^ 
rate.    The maximum flow velocitv of the H™ «-    Tl      ,■ ®a by the ^e change-over 

tio„ at the sharp oomers TZ ^l^l Z ZTZ^LTlnt ^ T^ 
maximum change-over rate was limited to about ififil e CeU-    The 

change-over rate, the power outeut reanhS f f' Per SeCOnd-    ETCn at thls 

1-2 
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solution prior to the time it entered the Jye cell. This could be the result of 
release of dissolved gases or to the initiation of cavitation in the flow which 
was just below the threshold for cavitation. A number of modifications to the 
flow system such &a  the smoothing of the transition sections were made but the 
longitudinal flow system was Amdamentally limited by the dye change-over rate. 
The longitudinal flow laser is shown in Fig. 1-1. 

In order to overcome this difficulty, a transverse flow system w&s designed 
and fabricated. This system is shown in Fig. 1-2. In this system, a redesigned 
flashlamp was located along one focus of a cylindrical elliptical cavity. The cavity 
was cut in the plane of the othar latus rectum. A transverse dye flow channel was 
located in this plane. A high capacity dye pumping system capabls of supplying a 
flow of 1+0 gallons/minute was also fabricated. This allowed for a dye exchange rate 
of 500-1000 times per second, depending on the thickness of the dye flow channel. 
This laser produced an output power of 102 watts at a repetition rate of 250 Hz. 
The poweroutput from this laser was limited by the power supply and switching cir- 
cuitry used to drive the flashlamp. Through optimization of the coupling efficiency 
of the lamp and dye, the flow geometry, lamp cooling, switching circuits, and laser 
resonator optics, substantially high efficiencies and power should be obtainable 
from this type of laser. 

Section II of this report discusses in detail the characteristics of the 
flashlamps that were used in this program. Topics covered include the electrical 
characteristics, switching requirements, gas dynamics, energy balance, cooling 
requirements, effects of different fill gases and the power output and spectral 
characteristics. Section III covers the axial flow laser and discusses the factors 
that limited the average power output of this laser. Section IV describes the 
transverse flow laser that was built to overcome the limitations of the axial flow 
laser. 

Section V presents a pulse compressior. scheme that can be used to obtain 
a high time resolution with a long duration laser pulse. This scheme involves 
sweeping the wavelength of the laser during the pulse. Suitable signal processing 
at the detector can then provide a time resolution that is mucn shorter than the 
actual duration of the pulse. Some preliminary experiments to sweep the wavelength 
are reported and recommendations are made for further work. Section VI summarizes 
the work and indicates directions for further increase in average power and 
efficiency. 

The personnel who contributed to the work reported here incliaed, in addition 
to the authors, A. R. Globes, A. J. DeMcsria, G. L. Ladd, and M. E. Mack. 
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II.  VORTEX STABILIZED FLASHLAMP 

Introduction 

To optxcally nump a dye laser a flashlamp must have peak radiant emittances 
greater than 50 kw/cm2 (preferably several MW/cm2), and for best efficiencies the 
pulse width should be on the order of a microsecond or less. Commercially avail- 
able wall stabilized flashlamps of the linear or coaxial design are adequate for the 
dye laser pump on a single shot or low repetition rate (< 30 Hz) basis. The wall 
stabilized flashlamps are severely restricted, however, in three ways. In the 
first place an acoustic shock is produced in the flashlamp that can easily explode 
the tube if the discharge energy is too large or the pulse width too small. Sec- 
ondly, due to plasma erosion of the confining wall, the flashlamps are limited Mi 
litetme  to typically 2 x 10? discharges provided the energy loadings are reduced 
to 25 percent of the single shot explosion energy (Ref. Il-l). Calculations show 
that the wall of most quartz tubes will not withstand a temperature difference 
over IGOOOc (650oC is a safe limit). As a consequence, the coimnercial flashlamps 
are also limited to a maximum average power loading since practically all the heat 
generated must be transferred through the confining wall. 

The UTRC vortex stabilized flashlamp allows a considerable extension in the 
pulse energr loading per unit length, the lifetime, and average power handling 
capability of the flashlamp. This is accomplished by tangentially injecting argon 
into the flashlamp at the base of one of the electrodes to create a vortex flow 
The argon is exhausted out the center of the two electrodes. The vortex flow pro- 
duces a low pressure region along the interelectrode axis. This action stabilizes 
the electrical discharges on the axis, keeping it away from the flashlamp wall. 
Therefore, by separating the plasma from the confining wall and exhausting the gas 
from the flashlamp, we eliminate wall erosion and greatly reduce the amount of heat 
that must be transferred through the wall. In addition, ehe larger wall diameter 
required for ehe vortex flashlamp allows a higher single shot energy loading per 
unit length of discharge. " ^ ^ y 

Two different vortex flashlamps were designed and built for the high power dve 
laser program. The first flashlamp had a 6 cm long arc and was designed to fit in a 
hemispherical reflector. Figure II-l is a phonograph of the 6 cm flashlamp and dye 
cell mounted in their respective hemispheres. Ihe flashlamp shown in Fig. II-l was 
modified to allow for vater cooling of the electrode tips and quartz envelope. A 
schematic of the modified 6 cm flashlamp assembly is shown in Fig. II-2. Argon 
enters the plenum as shown and is injected tangentially to the envelope at the base 
of the lower electrode. The swirling argon moves upward and then inward, exiting 
out the center of each electrode. Ihe top electrode has four struts that run to 
the sides of the hemisphere. Two of the struts are for argon exhaust and two for 
cooling water. Figure II-3 shows the flashlamp disassembled. The flashlamp was 
designed so that it could be easily assembled and disassembled for maintenance and 
replacement of parts. 

II-l 
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For the transverse dye flow system we designed a 10 cm long flashlamp that 

ZZl that^th ^"f r16^0"    ^ äeSi^ iS Sijnilar t0 the 6 - fl™ 
TfTe Ml !       f Ü T reCeSSed S0 that the enVeloPes seals on ^th ends 
either   end TATT^ T  ^ ^ regi0n-    ^ ai?0n gas can be ^ect^a at 
File iTk ^w      ^f ^P' blit " sti11 exhausts out the center of both electrodes. 
Fxguie II-U shows a photograph of the 10 cm flashlamp mounted in the elliptical 
reflector.    Fxgure II-5 shows two views of the flashlamp operating with 52 kw average 

• ^ ev^thl ^r ^^ 'r13 ^ diSCharge 1S SO ^ ^ it dazzlL Se ' ejco even with 2 welder-s goggle filters. 

i •   V^f ^ flashlamp gas  is exha^ted to the atmosphere we are currently 
limted to the use of argon.    With a closed cycle gas handling system, consisting 
ILM   ^ eXChailger' lessor, rese^oir tank, and filter, the flashlamp could 
use the heavier    expensive gases xenon and krypton.    At the present time we felt 

Äe^S^ectiofn!6.in "^ theSe ^^ ^ '^ ^ be '^^ 

A principal disadvantage of the vortex flashlamp over the wall stabilized 
flashlamp is its inherently smaller length to diameter ratio (L/D). In general 
this reduces the collection efficiency for focusing the available flashClSt 
auto a dye cell due to light loss out the ends of the flashlamp. 

The following sections will go into greater detail in discussing the operation 
and perfonnance of the vortex flashlamp. We will first discuss the switching re- 
quirements and electrical characteristics of the flashlamp. Then we will disc's 

shock  S^f^1^0 ■ ^ ^ diSCharge eXpansion with its associated acoustic 
shock. The discharge energy balance will be analyzed next and then thermal 
loading and cooling requirements will be presented. Finally, the optical and spec- 
tral characteristics of the flashlamp will be described. 

Electrical Characteristics 

Switching 

Figure II-6 shows the basic electrical circuit used with the flashlamp. 
A switching element is needed to discharge the electrical energy stored in the 
capacitor into the flashlamp. The first vortex flashlamp was triggered by a 
sparking third electrode, that was inserted through the gas exit hole in the high 

ZlTrZ  ^leCtr0de (see fg- II-1)- ^e main discharge was arranged to hold off the 
desired firing voltage by the addition of a small mixture of C02. In essence, the 
nashiamp acted a^ a triggered spark gap to discharge the capacitor. This scheme 
worked not always reliably, up to repetition rates of about 30 Hz. Beyond thST 
point tl* residual lonization products build up and lower the breakdown voltege 
of the mam arc so that it is no longer possible to discharge the desired energy 

II-2 
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per pulse. This prcblem has been eliminated by the introduction of an external 
switch and a sustainer discharge. The sustainer consists of a dc discharge of a 
few milliamperes which is continuously run between the lamp electrodes so that in 
effect the arc is always broksn down. When the lamp is to be fired, the switch to 
the capacitor is closed and main discharge proceeds along the path of the sustainer. 
This allows the discharge of any desired energy into the arc, independent of the 
static breakdown voltage. 

The requirements on the switch are rather stringent. It must be able to hold 
off 30 kV, switch 15 kA leak currents, 335 A rms, and operate at several hundred 
Hz. In addition, it must have low inductance and low loss. These requirements 
are currently state-of-the-art capabilities for developmental models of hydrogen 
thyratrons and solid state thyristors. Table II-l is a list of switches that have 
been considered for the flashlamp. The ignitron can easily handle the peak currents, 
but has only a low repetition rate capability. The EG&G developmental thyratron 

Table II-l 

Switch 
Ignitron 

GE, GL - 37207 

Hydrogen Thyratron 

High Power Switches 

Peak Cur. (kA)        RMS Cm. (A) 

300 120 

Max. Rep Rate 
for 2 usec Pulse Cli„) 

8 

1. EG&G HY-5 
2. EW. GHT9 
3. EG&G Develop- 

mental model 

Thyristors 

5 
7.5 

15 

125 
335 

350 

300 
1000 

300 

RCA developmental 
model 380 200 

Spark Gap 

1. Air blast, RADC 
2. Rotary Gap 

1.2^ mw avg. Power 

15 300 
300 
200 

II-3 
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would work for our application, but Is expensive, has no guarantee, and requires 
a long delivery time.    The English Electric Valve Co. recently deveToped a thyratron 
that could be used in our system with some modifications at reduced power levels. 
RCA also makes a developmental thyristor bank by connecting large numbers of 
smaller thyristors each rated at 600 V, 35 A ms in series-parallel combinations. 
Thyristor banks could be scaled up to meet our requirements. This again is expen- 
sive and requires a long delivery time. R. Gray at RADC has developed an air blast 
spark gap that runs at 300 Hz with average porer levels up to 1.25 MW (Ref. II-2). 
To obtain these high powers, however, a 75 hp turbine blower was required to generate 
the air blast. The lifetime and reliability of such a device is also uncertain. 

Rotary Spark Gap 

For practical reasons we chose to build a rotary spark gap rimilar in design 
to ones used in early radar sets (Ref. II-3, 11-^). A gap between two tungsten 
electrodes is repetitively bridged by a third tungsten electrode carried on a 
rapidly rotating disc. Such a structure can be incorporated into a low inductance 
stripline and does not significantly contribute to the overall inductance. The 
rotary gap has been operated in conjunction with the flashlamp at repetition rates 
up to 500 Hz, and there appears to be no reason why such a gap cannot be operated 
at rates up to a few kHz. Figure II-7 illustrates how the rotary spark gap works, 
and Fig. II-8 shows a cross sectional schematic of the rotary spark gap and the 
manner in which it connects to the discharging capacitor and laser assembly. The 
two fixed electrodes were weighed before assembly of the spark gap. A record was 
kept of the running time of the flashlamp in succeeding test runs. After an accumu- 
lated running time of 11+.6 min with power inputs ranging from 3.2 kw to 16 kw (8.8 
kw average), the fixed spark gap electrodes were removed and reweighed. It was found 
that the anode lost .3I+2 grams or .8 percent of its mass while the cathode lost .1+1+6 
grams or 1 percent of its mass. This corresponds to l.U and 1.8 grams lost per hour 
of running time. Reports of electrode wear from rotary spark gaps used in early 
radars indicated a much smaller rate of wear (Ref. II-3). The rate of electrode 
erosion expressed in grams per amp-hour is 0.75 g/amp-hour for the anode and .98 
g/amp hour for the cathode which is more than two orders of magnitude greater than 
in the radar sets. The pulse currents that m used, however were two orders of mag- 
nitude greater than those used for the radar gap measurements. 

The electrode wear in the flashlamp, on the other hand, has been rather small 
even after accumulated running times of about 30 minutes. Only a small amount of 
wear appears around the exhaust holes in the center of the electrodes. The con- 
siderably sir Her rate of erosion from the flashlamp electrodes is probably due to 
more effective water cooling. In the flashlamp, water is brought to within a centi- 
meter of the outside surface of the tungsten tip on the end of the electrodes. This 
greatly reduces the average surface temperature and extends the life of the electrodes. 
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In addition to rapid electrode wear, the rotary spark gap is also limited in 
power handling capability. We found that for power inputs near that listed in 
Table II-l the rotary spark gap could draw a continuous arc and fail to open the 
flashlamp circuit to  allow a recharging of the capacitor. This problem could be 
solved, as in the case of a fixed spark gap, by using a high speed blower. 

Circuit Pareme-oers 

The transformer inductance in the high voltage pcwer supply gives repctance 
limited charging of the capacitor. Without any charging resistance the capacitor 
voltage can overshoot the dc voltage level by as much as Jjl percent with the 2 M,F 
capacitor and the powerstat at is maxi.mum setting. Other capacities and powerstat 
positions change the amount of overshoot. When a two hundred ohm ballast resistor 
is placed in the charging line, however, the overshoot is eliminated. The charging 
time is 2 msec. 

The sustainer discharge is ignited by running the sustainer supply up to about 
25 to 30 kV. Upon ignition an orange glow discharge is stabilized in position on 
the electrode axis. The glow discharge carries about k mA. This type of discharge 
has been observed only when a small amount (2-10 percent) of nitrogen is added to 
the argon in the flashlamp. With pure argon or with small amounts of C02 added to 
the argon we observed a thin filamentar., arc that discharged the line and electrode 
capacitance at a several hundred Hz repetition rate. In this instance the sustainer 
power supply could not prov:"de enough current to drive the sustainer arc continuously. 

Typical voltage and current waveforms are shown in Fig. II-9. The current was 
measured with a Rogowski coil and the voltage with a properly matched Tektronix 
high voltage probe. The flashlamp discharge is highly underdamped with as much 
as a 6U percent current reversal. The current also appears to damp faster in one 
direction than in the other. This is not fully understood at the present time. 
Due to the expansion of the discharge column the flashlamp circuit is nonlinear with 
respect to a time varying discharge resistance and inductance. Markiewicz and 
Emmett have derived the response of a wall stabilized flashlamp (Ref. II-5) by 
considering that the plasma voltage and current relationship is given by 

where V and i are the lamp voltage and current and K is a constant. Their 
analysis, however, does not allow for a time varying inductance that would be a 
significant factor in the analysis of our flashlamp. Their a parameter for our 
flashlamp would be between 0.2 and 0.3. 

The inductance of the flashlamp circuit was measured with a grid dip meter. 
To do this the spark gap was shortened with a copper strip, a l/k  inch copper tube 
was placed between the electrodes, and the 2 nF discharge capacitor was replaced 
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with a smaller one. The net inductance of the circuit was 150 nH. This inductance 
gives an effective damp resistance to the first Wo current loops of 0.06 n. The 
capacitor and inductance circuit impedance, /L/C, is 0.19 n. To obtain a critically 
damped wavefom for our flashlamp with matched impedances would require a reduction 
in the inductance by about a factor of 10. This would be impossible to achieve 
with the physical dimensions of the present flashlamp. 

Flashlamp Gas dynamics 

Flashlamp Pressure 

Figure 11-10 shows the results of measurements and calculations of the gas 
pressure in the 6 cm flashlamp at different radii from the center of the flash- 
lamp axis. The pressure at the center of the vortex drops to 63 percent of its 
value at the wall. This pressure distribution probably changes drastically as the 
flashlamp is run at repetition rate. An effect of pressure changes is noted on 
the laser output and will be discussed later. At an argon flow rate of 5 liters/sec 
(STP) the pressure at the wall of the flashlamp was 11 psig (I.78 atm). At this 
flow rate the gas in the flashlamp changes over at a rate of 2k  times per sec. The 
arc volume, however, changes over at a much faster rate of 913 times per second. 

For the 10 cm flashlamp the gas change-over rates^are about 1? times per sec 
for the lamp volume and 513 times per sec for the arc volume. These change-over 
rates are for a flow of 54/sec. The maximum flow rate that could be obtained from 
the argon supply lines for the flashlamp is about 8 ij/sec. Using higher flow rates 
than 5 Z/sec  increases the pressure in the flashlamp. This has distinct advantages 
as we will discuss later, but brings the quartz envelope closer to its damage 
threshold. 

Shock Wave Generation 

The electrical breakdown process in gases has been described by many authors 
(Ref. II-6). Initially, the flashlamp is broken down by an avalanche process that 
fGiros a filamentary streamer between electrodes. A large current of electrons 
rushes into the streamer, ionizing and rapidly heating the gas. As the gas tempera- 
ture rises so does the pressure, and the filamentary channel starts to expand. The 
electrical resistance of the channel also falls to a low value. With a low induc- 
tance circuit the electrical energy discharges so rapidly that the hot channel 
expands faster than the speed of sound in the gas. The rapid expansion, then, 
produces a large density of gas molecules at the edge of the hot channel creating 
a shock front. After the electrical energy has dissipated, the shock front continues 
to travel outward and eventually impacts the wall of the flashlamp. 
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The dynamics of a shock wave produced by the sudden release of energy was first 
treated by G. I. Taylor (Ref. II-7) for the case of a spherical explosion and then 
later by Shao-Chi Lin (Ref. 11-8) for the cylindrical case, which is more applicable 
to our problem. 

Using a more detailed analysis, Drpbkina (Ref. II-9) has included the effects 
of the release of energy over a period of time rather than instantaneously. She 
obtained for the shock front radius 

1/U .   I/«  1/2 
R = {ot/p0)      [;>(t)1/2dt] 

where v- is a dimensionless constant which depends only on the ratio of specific 
heats and can be calculated from the energy integral; p0 is the undisturbed gas 
density, and E is the discharge energy per unit length. These results are also 
discussed in a review article by Marshak (Ref. II-10). Drabkina also demonstrated 
that the outwardly progressing shock front travels at a faster rate than the 
luminous boundary and, of course, the two boundaries separate after a certain 
period of time. By defining the luminous channel radius, R as the radius at which 
the gas temperature falls to 10,0000K Drabkina shows that Rc is insensitive to 
the actual temperature chosen to define the boundary and that 

Rc = L{E(t)}
M ^\{t)l/2ätf 

where for argon at 1 atm L = 1.1, M = 0.h3  and N = .hGo.    The units used in these 
formulas are CGS. If the energy is supplied at a steady state rate the luminous 
radius becomes 

R_ = .91 fE(t)} 
.273 .if6 

For a comparison with our flashlamp, consider a 200 J discharge in 3 p,sec. If 
we allow for optical, spark gap, and electrical circuit losses totaling 25 percent, 
then the luminous radius from the above fomula is 5,1 mm. This agrees with our 
observed result shown in Fig. 11-11. The arc diameters measured for Fig. 11-11 
were taken from Polaroid photos of about similar exposures. The 1000 J data point 
however, was taken for a flashlamp pulse whose duration was about 13 times longer 
than the pulse duration used to obtain the other data points. We found that the 
luminous arc radius is given approximately by 
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x 
R ■- AE 
c 

where A is a constant, E the energy of the discharge, and x is 0.^1. The radius 
was only slightly affected by sizeable changes in the pulse duration, gas pressure, 
and length. Data collected by Marshak (Ref. 11-10) from several different experi- 
ments and with different gases indicates that a value of x beteen 0.14- and 0.5 des- 
cribes the radii of most systems. The theory, of course, is only approximate und 
does not include important factors of how the energy is deposited in the dynamically 
changing arc column. In addition, it does not take into accormt the pressure distri- 

bution. 

Figure 11-12 shows the results of measurements made on the expansion of the 
arc in time. To obtain this data we used a high speed framing camera. The values 
for the arc diameter were taken from the photographs. It is interesting to note 
that the arc continues to expand for times out to 8 ^sec, and we observed no 
irregularities in the expansion due to the first and second current reversals. 

Energy in Acoustic Shock 

To estimate the energy used to produce the acoustic shock we assume that the 
initial filamentary arc expands, and, like a cylindrical piston, adiabatically 
compresses an annular cylinder of gas. No heat is assumed transferred from the 
hot luminous region to the region where the gas is piling up to form the shock 

front.  This is so because the discharge, time is short in comparison to the heat 
diffusion rate.  The radius of the compressed gas cylinder is given by the shock 
front radius (R^) just after the discharge. The radius of the "expanding piston" 
(R-j) is probably just slightly greater than the luminous arc diameter. These two 
radii are shown in fig. 11-13 where a schematic of the ratio of the density to the 
unperturbed density is plotted for three different times after the discharge. 

Assuming the initiating breakdown starts with a zero radius, we can estimate 
the energy used to compress the gas into the shock front as 

W = 2TTLJ 1P rdr 

where L is the length of the discharge and P is the pressure in the front, 
adiabatic compression 

For an. 

lYy = P0(TTR2L)
Y 
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where y is the ratio of specific höate and P0 the initial (or undisturbed) pressure. 
Substituting for the pressure ir the integral we get 

W = TTLPOR^ [fl - (fij/R,)2} Y - 1]/(Y-1) 

Using Drabkina's analysis (Ref. II-9) and considering a unlfoim release of 
energy, the pressure just behind the shock front is given by 

PF = .209 (P0E)
1/2

/T 

where T is the pulse duration. For a 200 J discharge (150 J after losses), 3 ^sec 
pulse, and 6 cm arc, PF = ^5.0 atm. The initial and final states for the sdiabatic 
compression are related by 

We can then find (l^/R^ in tems of the pressures. 

1 - (R1/R2)
2 = (P^P/^ 

thus 

W = nLPollriyp^Y-^/Y . 1]/(Y-1) 

For a linear deposition of energy, Rg would be given by (using results in Ref. 11-10) 

Rg = S.OlSE1^ T
1

^
2
 = 6.57 mm 

Therefore, with a 200 J, 6 cm long, 3 M-S^C discharge, W = ^.6 J. This represents 
only 2.3 percent of the total input energy. This result supercedes a calculation 
presented in an earlier report that we feel overestimated the energy used to generate 
the shock wave. 

Flashlamp Explosion Limit 

Figure 11-13 shows the position of the shock front at 3 different times 
after the discharge. The pressure Just behind the shock front is also given next 
to the time indication. The pressure just prior to the shock front Impacting the 
wall is a little over 7 atm. The values for Fig. 11-13 were based on the formula- 
tion and data from Ref. 11-10. These results are only approximate but do give a 
reasonable estimate of the size of the shock front. 
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The difference between the wall pressure at the time of the shock wave impact 
and the pressure outside the wall must be less than the bursting pressure of the 
quartz einrelope. Considering the hoop stress placed on Vhe quartz envelope by a 
pressure differential across the tube, the maximum pressure applied across the 

wall would be 

m CJX/R 

where w  is the tube thickness, R the cube radius, and ax the maximum allowable 
tensil stress for fused quartz. We would net want the shock front pressure at the 
wall (Ps) plus the static wall prcösure (Pw) minus the pressure outside the wall 

(P0) to exceed Px. That is. 

P + P p <P 
O ^  X 

From Ref. 11-10 we can estimate the pressure of the shock front at the wall by 

p
s = 

8.02 x IQ'2 E 

R2L 

where T, ig the flsshlamp discharge length, E the discharge energy, and R the radius 
Ox" the wall (all in COS units). The energy that we can safely discharge is then 

Ex = 12.5 Utiwx/B.  - Pw - P0) 

Tests on the allowable tensile stress for fused quartz tubing will be given in the 
next section. 2000 psig is usually considered a safe stress limit for fused 
quartz; however, a properly annealed tube may withstand up to 7000 psi. Many tubes 
break, however, at ÜOOO psi due to small scratches and imperfections in the tube 
material. If we allow a kOOO psig stress limit, the maximum allowaole energy 
loading for our 6 cm flashlamp wioh a I.65 cm radius, C.2 cm thick wall, and 11 psig 
wall pressure would be Ex = 666 J, and allowing for the 25 percent losses, the 
total discharge energy allowed is 832 J. Actually, we have discharged up to 1000 J 
in the 6 cm flashlamp, but with a 30 to ^0 ^sec pulse. The explosion energy result 
above is not valid for a 30 to ho usec pulse because the shock wave impacts the 
wall before the entire energy has been discharged. In addition, end effects have 
not been considered and this could increase, the damage threshold by 20 to 30 per- 

cent. 

It is interesting to note that in the above formulation the explosion energy 
is independent of the pulse length of the discharge. The shorter the discharge 
time, the further the shock front has to travel to impact the wall, and consequently 
the pressure Just behind the front decays to the same value at the wall. For pulses 
lasting longer than the time for wall impact the above calculation is no longer 

11-10 

J^jartJba^.,^.-;-,,^^ ihiitttoamfctu^..^^^-.,.^.t-i^.!.^^.:..-..^^-. .. — ■  .    .    .1 if JBrüirii'itnirtiirrjriytitiifcTMi "ifflmniiitfiyraW 



I 

R75-921617-13 

true. This case would occur in wall stabilized flashlamps vfliere the shock wave 
can reverberate several times before the capacitor energy is dissipated. The 
damage energy for wall stabilized flashlamps has been shown to have a square root 
dependence on the p-lse length (Ref. 11-11). 

The flashlamp can be damaged quite readily if the arc forms along the inside 
wall of the envelope. In this case the full force of the discharge is brought to 
bear on the quartz« It is important therefore to make sure that the arc remains 
stabilized on the axis of the electrodes. 

Vioration of Lamp Envolope 

During the course of one operation when the flashlamp had been operating at 
a 5 kW power level, the PRF was slowly decreased from a value above 100 Hz to a 
value a little below 100 Hz. At this point the lamp envelope exploded. Since the 
input power level was moderate, this led us to suspect that a resonant vibration 
frequency of the envelope had been reached. Therefore, a test was made to determine 
the vibration frequency of the envelope and how it vibrated under the impulse from 
an actual discharge. A light, short piece of thin wall stainless steel tubine 
was compressed between the lamp envelope surface and the center of a small audio 
speaker. The voltage developed across an 1.1 kn resistor by the speaker movements 
was then monitored with an oscilloscope. When the lamp envelope was tapped 
sharply with a hard object a definite ringing frequency of 533 Hz could sometimes be 
observed. This is shown in Fig. II-lUa. Figure II-ll+b shows the envelope vibration 
with an 80 J flashlamp discharge. In order to produce a large build up in the 
vibration amplitude near 100 Hz PRF, the vibrations would have to be re-enforced 
in a coherent manner every ."0 msec. This seems unlikely from the vibration waveform 
shown in Fig. Il-llfb. The envelope breakage in this case might have been due to an 
improperly annealed envelope that had scratches or prestressed areas, or possibility 
to the arc forming on the wall for one shot. 

The measurement shows that envelope vibration may be a problem at PRF's around 
kOO  and 800 Hz. We have operated the flashlamp at 500 Hz, however, with no 
difficulty. 

Power Distribution in Flashlamp 

Tiie electrical energy stored in the capacitor is distributed into different 
parts of the flashlamp circuit when the flashlamp is discharged. It is important 
to know how the stored energy is distributed so we can determine the heat loading 
in repetition rate operation on the various elements of the circuit. The maximum 
heat loading allowed by any par-.icular element determines the maximum power input 
to the flashlamp. 
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The energy lost in the rotaxy spark gap was calculated from measurements 
made of the circuit current and voltage waveforms. Knowing the instantaneous 
voltage drop across the spark gap and the current, we calculated a 6 pe-cent loss 
m the spark gap. A certain amount of energy is lost to the circuit resistance. 
This loss was not measured, but should amount to no more than a fraction of a per- 
cent if the circuit resistance is kept well below the minimum arc resistance (.06n). 
The discharging arc heats the electrodes at the teminating points of the arc. This 
loss is not easy to measure in our system arid is inferred from the difference 
between the total energy and the sum of all the other losses. 

The electrical energy deposited in the arc goes into three separate places: 
the acoustic shock, optical radiation, and heat. The energy used to produce 
the acoustic shock was estimated in the section entitled Energy in Acoustic Shock 
as 2.6 percent. The optical energy for X > 190 nm was measured both calorimetrically 
and radiometrically. A calormeter was made from two concentric copper cylinders 
The cylinders were insulated from each other with spacers and the Inside of the 
inner cylinder was painted black to absorb all the flashlamp light. A heater wire 
was placed on tne outside surface of the inner cylinder to calibrate the instru- 
ment with a known heat input. The calorimeter was then placed over the 6 cm flash- 
lamp to measure the total light energy transmitted. Figure 11-15 shows the results 
of the calormetric measurement; 1^ percent of the input energy is transmitted 
as light from the flashlamp. This res^uLt also agrees with a measurement made on 
the flashlamp spectra with a calibrated spec^roradiometer. The radiometer measure- 
ments will be discussed in the section entitled Optical Characteristics. The opti- 
cal energy measurements are only good for X > 190 nm where the fused quartz envelope 
is transparent; radiation emitted for X < 190 nm would be absorbed by the envelope 
There is an additional amount of light blocked by the ends of the flashlamp; this 
amounts to about 20 percent of the total light emitted. Therefore, since the 
calorimeter measured 1)+ percent transmitted cut the side of the flashlamp, a total 
of about 17 percent of the energy discharged is emitted as optical radiation 
(X > 190 nm) by the discharge. 

^  The average temperature of the argon gas exiting the flashlamp was measured 
with a 15 mil thermocouple placed inside the hollow bore of the grounded electrode 
and near the tip of the electrode. Figure II-16 is a stripchart recording of the 
gas temperature taken during a run at 5750 watts input. The exhaust gas temperature 
reaches equilibrium in about 10 seconds at a, value of 7^00C above room temperature. 
The rate of heat removal by the ejected gas is given by 

Q = m Cp AT 

where m is the mass flow of the gas, C the specific heat, and AT the temperature 
rise. The mass flow of the argon was 8.92 g/sec. This gives 3^30 watts or 60 per- 
cent of the input power. 
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The flashlmp had a double walled, fused quartz envelope. This construction 
allowed cooling of the surface of the inner flashlamp envelope by flowing nitrogen 
gas or water between the two quartz cylinders. We measured the temperature rise 
of nitrogen gas flowing between the double walled envelope. In a manner described 
above we could then calculate the heat carried away by the nitrogen from the out- 
side surface of the inner quartz tube. With the 5 kW average power into the flash- 
lamp the temperature of the nitrogen cooling gas stabil j^ed at 100-105oC after 
one minute of operation. Knowing the mass flow and heat capacity of the gas, we 
computed that l8o watts or 3.6 percent of the total input power was being carried 
away from the surface of the lamp envelope. The argon flowing around the inside 
surface probably removes about another 3.6 percent of heat from the quartz wall. 

The flashlamp wall is heated from three sources: absorption of radiation, 
damping of the acoustic shock, eid heat diffusion from the hot arc region. The' 
diffusion of heat from the arc region can be calculated by solving the steady state 
heat conduction equation, using the aziinuthal symmetry of the flashlamp geometry. 
The heat flow per unit length from the hot arc to the outside of the quartz wall by 
diffusion is given by 

4 = 21T(T1-T3)kAkQ/[kQln(r2/r1) + ^In^/r,,)] 

where ^ is the average temperature in the arc zone; To the temperature of the 

outside wall; kA and k^ the themal conductivities of argon and quartz; r,, r and r 
the radii of the arc, inner surface, and outer surface of the quartz wall.2 At  3 

20 kW input newer ^ « 2620OC, T3 « room temperature. Using the dimensions of the 
flashlamp, we obtain 80 watts transferred to the outside wall. This represents 
only .k  percent of the input power. The convection of heat to the wall is avoided 
by the vortex flow which continually flows inward and carries the majority of the 
heat out the center of the electrodes. 

The heat deposited in the wall from vibration damping of the shock front impact 
would also represent a smallfraction of the wall heat loading since the fraction 
of power into the acoustic wave is itself only about 2.6 percent. The actual 
fraction of the 2.6 percent that heats the quartz wall by vibration dampening was 
not determined. 

Data published by the synthetic quartz manufacturers shows that less than l/2 
percent of the radiation between 190 nm < A < 3000 nm is absorbed. The majority 
of the wall heating, then, must come from radiation absorption for X < 190 nm and 
\ > 3000 nm. 

Figure 11-17 summarizes the approximate power distribution for the flashlamp. 
The electrode heating of about 10 percent makes up the difference to give 100 percent. 
The temperature rise of the electrode cooling water was measured with a 5 kw input. 
This indicated that 55 percent of the power input was being carried away by the 
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cooling water from both electrodes. The majority of this heat, however, comes from 
cooling the hot gas exhausted through the long narrow opening in the center of 
the electrodes. 

Flashlamp Cooling and Thermal Limits 

Cooling the Flashlamp 

When operating the flashlamp for periods of 5 to 10 minutes at 15 kW average 
power we found that the quartz envelope would heat to a reddish glow (probably 
about 700-900oc). The flashlamp was modified to include a double walled tube to 
allow cooling the envelope. Initially, we attempted to cool the envelope by flowing 
water between the two quartz tubes. With water cooling the flashlamp would run for 
only a few seconds before the quartz tubes would burst into thousands of pieces. 
This result was observed with both the 6 cm and 10 cm flashlamps and when using 
cooling water that was run through a deionizer before entering the lamp housing. 

We found that the flashlamp was breaking because the arc would suddenly form 
along the envelope wall after a few seconds of running. Shortly after jumping to 
the wall the arc would thermally stress the quartz tube to its breaking strength. 
We suspect that impurities or dissolved gases in the water were being ionized by 
the uv light. This action produced a conducting cylinder around the flashlamp 
and destabilized the arc so that it had a high probability of forming along the sur- 
face of the envelope. 

It is also interesting to note that e, large number of bubbles were formed 
in the water jacket immediately after starting the flashlamp at repetition rate 
and long before the water could have a chance to boil. The acoustic impact pro- 
duces an intense ultrasonic wave in the liquid that may have caused the release of 
dissolved gases from the solution. Because of these problems water cooling of the 
flashlamp envelope was abandoned in favor of nitrogen gas cooling. In the section 
entitled Power Distribution in Flashlamp, we showed that the amount of heat that 
must be removed from the flashlamp envelope is only about k  percent of the input 
power. To cool the flashlamp envelope at 25 kW input, for example, would require 
a nitrogen flow of about 2.5 &/sec  (STP) with a temperature rise of 300oC. With 
water cooling, on the other hand, we would need only a flow of 1 t,/min with a 15° 
temperature rise to handle the heat flow. 

Figure II-18 shows the arrangement used for water cooling the flashlamp 
electrodes. A closed loop of deionized water is circulated for cooling the high 
voltage electrode. Tap water, that also passes through the heat exchanger for the 
deionized water, cools the grounded electrode. The demineralizer can be connected 
in or out of the circuit loop as shown and is removed from the loop to reduce pump 
resistance and allow a higher flow rate. The pump flow rate of 8 liters/min can 
carry away up to ko  kW for a 70oC rise in temperature and is more than adequate for 
cooling one electrode. The electrodes are designed to allow the cooling water to 
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flow to the tungsten electrode tips. This removes heat from the tungsten tips 
and. the center bore of the electrodes where the hot gases are being exhausted. 

Thermal Stress Limits 

] 

The quartz flashlamp envelope is heated mainly by the absorption of far uv 
and infrared light emitted from the arc discharge. The amount of heat absorbed is 
about 8 percent of the input power to the flashlamp. The heat must be removed, 
otherwise the quartz tube would rise in temperature to the strain point (lli)-0oc) 
and deform. In removing the heat, temperature gradients are set up across the 
quartz wall. Since the quartz expands, internal stresses are developed which 
are compressive at the hot boundaries and tensile at the cooler boundaries. 

The thermal stress for different temperature differentials across a quartz 
tube wall is plotted in Fig. II-19. Figure 11-20 shows the normal hoop stress at 
the bursting pressure of several different quartz tubes. These two figures are 
taken from earlier work completed at UTEC under a NASA contract (Ref. 11-11), 
Figure 11-20 shows that a hoop stress of 2000 psi is a safe limit for most quartz 
tubes. Exceptional quartz tubes, however, if properly annealed and free of high 
stress point microscratches can withstand hoop stresses up to 7000 psi. 

o For a 2000 jbi stress limit. Fig. 11-19 gives a temperature differential of 
650 C across the tube wall. Using the thermal conductivity of fused quartz (k), the 
tube area (A), and the wall thickness (t), we can compute the heat flow across the 
wall of the tube that can safely be handled as 

Q kAAT - 7910 watts. 

If water cooling were used ther practically all the heat would be removed from the 
outer surface. With Q%  of the input power as the heat to bo transferred we obtain 
100 kW as a safe limit on the input power to the flashlamp with water cooling. 

With nitrogen gas cooling the situation is more complicated. The heat would 
be removed from both sides of the tul'e wall. A solution of the steady state heat 
conduction equation for a uniform deposit of heat gives a parabolic temperature 
profile in the wall. Since the cooling gases have a low heat capacity in compari- 
son with water, the cooling gas temperature must rise several hundred degrees to 
accommodate the amount of heat being transferred from the wall. The quartz tube, 
then, must rise in temperature to an even higher value to transfer the heat to 
the gas. The maximum temperature allowed in the tube wall would be about 1000°C. 
At temperatures near 1000oC the qua,rtz camievitrify and develop a haze of very 
fine cracks (Ref. 11-12), and at :ilU0oC we reach the strain limit of quartz. 

I 
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T 

We have run the flashlamp safely at input power levels of IJj kW with only- 
convection cooling on the outside surface. In this case the envelope became a dull 
red. When the envelope cooled hack to room temperature no damage was observed. 
With the forced nitrogen cooling we estimate that we could safely run at long 
periods with 25 to 50 kW input power. Long terra operation of the flashlarap at 
these power levels has not been tested yet, however. 

Optical Characteristics 

Use of Different Gases 

_ 

Flashlamps for most laser applications are filled with the heavy rare gas 
xenon. Xenon generally gives a higher output/input efficiency for generating light 
than other gases (Ref. II-l, 10). For very short pulse, high current discharge 
there exists a limiting radiance (watts/cm^/ster) for each gas. Generally, the 
lower atomic weight gases have a higher saturation radiance. The radiance of the 
lower atomic weight gases, however, is reached more slowly as the power density 
increases, making them much less efficient radiators at lower power densities 
(Ref. 11-13). For our flashlamp conditions (l atm pressure, 15 kA peak current, 
and nonconfinement) it was not clear whether the heavier gases would give a signifi 
cant advantage in optical output. That is, it is not certain at what point of the 
radiance saturation the lamp is operating. Furumoto and Ceccon have shown, for 
example, that for wall stabilised, coaxial flashlamps a low pressure xenon fill is 
about twice as efficient as an argon fill for pumping a dye laser (Ref. II-lU). 

Our present vortex stabilized flashlamp exhausts the gas flowing through the 
lamp to the atmosphere. This makes the use of the heavier and more expensive gases 
such as xenon and krypton impractical.  A well sealed, impurity free, closed 
cycle pump could be built, however, that would allow use to use the heavier gases. 

In order to evaluate the effectiveness of different gases for our vortex 
flashlamp we constructed a sealed-off, noncirculating flashlamp with a 6 cm electrode 
spacing. The flashlamp was connected to a gas filling station. Optical power or 
energy from the sealed off flashlamp was measured with different gas fills. Figure 
11-21 shows a comparison of the light intensity from 3 different gas fills and an 
ablating wall flashlamp (Ref. 11-15). We found that the rare gas gave more light 
output when a small amount of an impurity gas like nitrogen or CO2 was present. 
The reason for this is not presently understood. The gas fill pressures for 
Fig. 11-21 are 1 atm except for the ablating wall lamp which is discussed by Ferrar 
(Ref. 11-15). From Flg. 11-21 we see that xenon has about 13 percent more peak 
light power and over 50 percent more light energy output than argon. Most of the 
increase in light energy, however, comes at times after the laser pulse has termin- 
ated. 

1 

: 
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We placed a small cell filled with rhodatnine 6G in ethanol near the sealed 
off flashlEunp. By monitoring the fluorescence output we could determine the 
effectiveness of the different gas fills in exciting the dye. Figure 11-22 shows 
the fluorescence intensity for 200 J discharges in pure xenon, pure argon, xenon 

First of all the fluorescence results with Ng impurity and argon with N impurity. 

show a large effect of adding the impurity gas N2, especially on the peak output 
with an argon fill where the intensity was increased by 2^0 percent. Figure 11-22 
also shows practically no difference in the peak fluorescence output between an 
argon-N2 fill and a xenon-N2 fill. The xenon again gives more total light output 
with a longer pulse. The longer pulse may not be useful, though, in the laser 
pumping due to an early termination of the laser pulse by acousto-optic distortion 
which occurs after the first 2 usec of the pumping pulse. With 12 J dis-barge 
energies, we found that the fluorescence intensity from the xenon-iJ? discharge 
was 80 nercent greater than from the argon-N2 discharges. This implies we have 
nearly reached the saturation power in xenon^ with the 200 J discharges. 

Since xenon is 3,3 times as dense as argon we can expect that the arc column 
will not e.qpand as much with xenon as with argon. In fact, from the section 
entitled Flashlamp Gasdynamics, we know that the column radius is inversely pro- 
portional to the l/k  power of the gas density. This implies that the discharge 
diameter in xenon would be about 75 percent of that in argon. Therefore, the radi- 
ance of the arc would be about 25 percent greater for xenon. The effective opti- 
cal power for generating fluorescence, however, is the same. If the dye laser 
were operating near the threshold pumping level than the xenon could produce an 
improvement in laser output with a focused reflector to take advantage of the 
increased flux available from the smaller arc. The laser, however, operates many 
times over threshold, and consequently, the small increased radiance from the use 
of xenon would not be of any great significance in the laser output. 

A small amount of C02 was originally added to the argon to increase the break- 
down voltage of the flashlamps. It was found that the C02 also gives an increase 
in the light output from the flashlamp. Figure 11-23 shows the results of optical 
energy measurements from the sealed off flashlamp with a one atmosphere fill of 
argon and the listed partial pressure of N2 and C02. After about 50 torr of N2 
the flashlamp light output begins to decrease. This is not shown in Fig. 11-23. 
We currently use 1^ in the vortex flashlamp to produce the sustained glow discharge 
as discussed in the section entitled Flashlamp Gasdynamics. 

Energy, Power, and Spectrum 

The spectral irradiance from the flashlamp was measured with a l/k meter 
monochrcmator and photomultiplier. A quartz diffuser plate was placed just ahead 
of the entrance slit on the monochrcmator to allow a uniform illustration of the 
grating and photocathode. This system was carefully calibrated using two quartz 
iodine standard lamps (Ref. II-16). The monochrcmator was placed so that the 
diffuser plate was 1 meter from the axis of the flashlamp. The flashlamp arc was 
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then completely blocked except for a 1.0 mm section at about the middle of the 

arc. By measuring the voltage produced across a resistor by the photodetector 
current, we could determine the peak spectral irradiance in watts/cm from the 
flashlamp at chosen wavelengths from the ultraviolet to the red. For light attenu- 
ation and spectral blocking that was required at certain wavelengths, k neutral 
density filters and 6 color filters were calibrated throughout the spectrum. The 
calibration accuracy was estimated to be 12 percent at the visible wavelengths and 
about 20 percent at the uv wavelengths. 

Figure II-21+ shows the results of the optical power and energy measurements 
from the flashlamp for 1 ram of exposed axe at X < 500 nm. To include the entire 
60 mm arc we must multiply the scales in Fig. U-?.k by 60. From these results 
we see that the peak power of the flashlamp is starting to saturate for energy- 
inputs greater than 200 J. The optical energy, however, continues to increase 
about linearly; that is, the light pulse duration is increasing but not the peak 
power as we continue to discharge more energy. In fact, if we also consider the 
increasing arc diameter we find that the radiance of the arc (watts/cm /ster) 
saturates at a lower input level of 100 J. Two possible explanations for this 
effect were given by Marshak (Ref. 11-10). One explanation proposed the locking 
in of radiation at the higher input energies by an outside layer on the arc that has 
a high optical density. The other explanation which seemed more plausible was that 
the effective specific heat of the arc plasma increases at such a steep rate that 
further appreciable increase in T would call for an increase in energy concentra- 
tion in the discharge, something difficult to attain the practice. The specific 
heat of the plasma increases because more energy is going into producing higher order 
ionization at the expense of a temperature rise. 

The peak irradiance measurements taken from the oscilloscope traces, were made 
at the monochromator calibration points from 250 nm to 700 nm. These measurements 
are snown by the circles in Fig. 11-25. The spectral measurement indicates a con- 
tinuous radiation at the visible wavelengths and probably some line emission in the 
uv. To compare these results with a blackbody radiation that has the same dimen- 
sions as the flashlamp arc we must calculate the radiance (N,) in terms of the 
irradiance (H^). This is given by 

H\ = 1 N^ncose dA « Nijd/JR 
axe surface   ^ 

where n is the solid angle to 1 cm at the detector, I  the arc length, d the arc 
diameter, and R the distance from the arc to the detector. The approximations use 
the fact that R5£>d and {,.    For an equivalent blackbody source 

N, = 1.19 x 10"19/x5[exp(l.U38/ Tk- 1) 

\ 
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in vmits of watts/ster-cin -ran. 

Then, 

H = S.S1! x 10"25/x5 [exp(1.^38/x T)-l} 

in units of watts/can -ran for the blackbody. The solid line curve in Fig. 11-25 
gives the results of the above formula for H^ with T = 2lj-,5iK)0K. This temperature, 
then, approximates the radiating plasma temperature in the arc channel for a 150 J 
discharge. 

To estimate the total output power from the lamp at its peak irradiance we 
take the area under the spectral irradiance curve (Fig. 11-25) and multiply by 
60 ram to allow for the entire arc length. The peak light power generated by the 
lamp is then found by multiplying the later figure by the ratio of the solid angle 
from a cylindrical radiating surface (n2) to the solid angle of 1 cm2 at a 1 meter 
distance. Thus 

PFL = ^^Wx - 6-2 MW 

The peak power discharged by the capacitor into the flashlamp circuit is estimated 
from the light pulse or current duration as ^3 MW. The electrical to optical 
efficiency for the flashlamp is then T}^ = 6.2 Mw/)+3 MW = ,1^ or lU percent. It 
is interesting to compare the flashlamp total power with the total power that would 
be emitted by a 2^, 5Uo0K blackbody. 

PBB - TT AaT 8U.7 MW 

where a is the Stefan-Boltzmann constant and A the area of the lamp surface. 
This result shows that the discharge cannot possible radiate as a blackbody over 
the entire spectrum. 

Figure 11-26 shows a more detailed spectrum of the flashlamp from \  ^50 ran 
to X 300 ran. The spectrum was taken with a 1.5 m spectrograph in several sections. 
Three sections are overlayed in the figure. The spectral lines from a mercury 
calibration lamp are shown Just below the flashlamp spectrum to identify the wave- 
lengths. The spectrographic data shows that the flashlamp spectrum is not a 
continuum for \  < 500 ran, and indeed, consists of a broad diffuse line spectra. 
There is a particularly strong band system around 357 ran. This emission is thought 
tr be created by the argon metastable atoms transferring energy to the nitrogen 
molecules as in the case of an argon-nitrogen transfer laser (Ref. 11-17). The 
transfer process could explain the increase in optical power we observed wh'in we 
add N2 or C02 to the argon discharge. The N2 or C02 molecules in this cas'i could 
be deactivating the excited metastable argon atoms making them available for exci- 
tation and reemission. 
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Effect of Repetition Rate 

When the flashlamp is run at 100 Hz repetitioi rate and 200 J per pulse we 
found that the peak intensity would fall off about 5 to 10 percent after the first 
few shots and then reach a steady state value. Further investigation showed that 
the fall off was even greater at higher repetition rates. In addition, we found 
that the fall off in peak intensity was very sensitive to the flashlamp pressure 
if the pressure was below a critical value. The flashlamp pressure was monitored 
with a gauge on the grounded electrode housing. Since the mass flow of gas 
through the flashlsunp is proportional to the square root of the pressure, the lamp 
pressure also gives a measure of the gas flow. If the gas flow was reduced too 
low, the flashlamp would explode at high power inputs. 'Phis occurred at 5 psig and 
250 Hz in one instance. 

Figure II-27a and b show overlaying traces of the steady state flashlamp 
intensity for two different pressures and repetition rates. Both "a" and "b" are 
for 200 J discharges, but a ^ F capacitor was used for the traces in "a" and a 
2 ? capacitor was used for the traces in "b". This is the reason for the difference 
in pulse shape. The vertical scales of "a" and "b" are not related. 

The flashlamp light was monitored with an SD-100 soa id state photodiode that has 
maximum sensitivity in the red and near infrared part of the spectrum and no sensi- 
tivity for X < 360 nm. As a consequence, the pulses in Fig. 11-27 shows a biased 
part of the spectrum. The actual drop in intensity in the uv could be much larger 
than indicated in Fig. 11-27, although this was not measured. 

The most likely cause of the flashlamp intensity falling down to a much lower, 
steady state value is the reduction in gas density due to heating the incoming 
gas prior to succeeding shots* Previous measurements we have made show that a 
reduction in gas density below 1 atm effects the light output from an argon discharge. 
The ve*y hot gas in the luminous arc region is well removed between shots; however, 
the incoming gas could be heated in several ways: 1) by diffusion of heat from 
the hot arc region, 2) direct heating of the gas from the arc plasma extending 
around the electrodes, 3) heat removal by the argon from the flashlamp wall. We 
are uncertain as to which of the three heating mechanisms is predominant. The 
second effect, however, seems most likely since at lower pressures we have observed 
the plasma to extend significantly around the electrode tips. The hotter gas 
decreases the gas density in the flashlamp. In fact, from our measurements of 
light output vs argon gas density, we can conclude that a 10 percent drop in light 
intensity requires only a 90oC rise in gas temperature. A 50 percent drop in light 
intensity requires a 1700oC temperature rise. 

Second Light Pulse 

When we monitored the flashlamp light pulse with a longer oscilloscope trace 

we found a second light pulse occuring 28 M-sec after the main light pulse. Figure 
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11-28 shows traces of the flashlainp intensity taken with a red filter and a blue 

filter in front of the photodiode. The simultaneous discharge current is shown by 

the bottom trace. It is interesting to note that no current flows through the 
flashlainp at the time of the second light burst. 

The first explanation for the light burst was that the shock wave, after 

reflecting from the flashlamp wall,  .turned to recompress the gas and raise its 

temperature back to a high enough level for reemission. The time for a sound wave 

to go out to the wall and back would be about 100 jisoo. If we use the results of 

the shock wave analysis in the section entitled Flashlamp Gasdynamics we get 67 ^sec, 
This result does not agree with the observed 28 |j,sec delay. 

What could be happening is that, as the low density arc volume rapidly cools, 

the higher pressure in the shock front forces gas back toward the arc region and 

compresses the lower density, core raising its temperature back to the observed 

reemission level. This process could occur long before the shock front travels 
out and back from the wall. 

The second light pulse becomes more intense with larger discharge energies 

and occurs at earlier times when the flashlamp pressure is reduced. In fact, 

in Fig. 11-27 a one can Just barely see the start of the second light pulse at 

about 9.2 usec in the trace with the lower pressure. The initiating time of the 

second light pulse also decreases with increasing repetition rate of the flashlamp. 

This is seen in Fig. II-27b where the second light pulse starts at 6.5 |j,sec for 

the 250 Hz repetition rate. This is a further indication that the initial gas tem- 

perature has increased, and hence the gas density decreased, at higher input 
powers. 

■ 

■».  

11-21 

^^... ^v*^,^^^^^ m. ■JftiiitfiiiWiMiMiffllM^ 



irtlHlifeliiiftWiiiiiiff^ wmmm**mmmmmmm*mm 
mmmr? 

R75-921617-13 

REFERENCES FOR SECTION II 

II-l. 

II-2. 

II-3. 

II-if. 

II-5. 

II-6. 

II-7. 

II-8. 

II-9. 

n-10. 

11-11. 

11-12. 

11-13. 

11-lU. 

11-15. 

EC3&a Data Sheet 1002-D; ILC Technical Bulletin No. One, An Introduction to 
Flashlamps. 

Gray, R.: Proceedings of the 9th Hydrogen Thyratron Symposium (1966). 

Glascoe, G. N. and J. V. Lebacqz: Pulse Generators: Radiation Laboratory 
Series, (McGraw-Hill, New York, 19^8), Vol. 5, p. 278. 

Ferrar, C. M: Rotary Spark Gap Switching for High Power Dye Lasers, Appl. 
Opt. 13, 1998 (197^). 

Markiewicz, J. P. and J. L. Emmett: Design of Flashlamp Driving Circuits, 
IEEE JQE QE-2, 707 (1966). 

Somerville, J. M.: The Electric Arc, Methuen's Monographs on Physical 
Subjects, John Wiley and Sons, Inc., New York, 1959. 

Taylor, G. I.: Proc. Ray Soc. (London) A201, 159 (1950). 

Lin, Shao-Chi: Cylindrical Shock Waves Produced by Instantaneous Energy 
Release, J. Appl. Phys. 25, 3h  (195^). 

Drabkina, S. I.: Theory of the Development of the Channel of the Gas 
Discharge, JETP 21, k73  (1951). 

Marshak, I. W.: Strong Current Pulsed (Spark) Discharges in Gas, used in 
Pulsed Light Sources, Sov. Phys. Usp. 5, Ü78 (1962), 

United Technologies Research Center Report No. J-910900-3, Development and 
Tests of Small Fused Silica Models of Transparent Walls for the Nuclear 
Light Bulb Engine, NASA Contract No. SNPC-70 (1970). 

General Electric Company: Fused quartz Catalog, Form Ql6, July 1970. 

Vanyukov, M. P. and A. A. Mak: High-Intensity Pulsed Light Sources, Sov. 
Phys. Usp. 66, 137 (1958). 

Furumoto, H. W. and H. L. Ceccon: Optical Pumps for Organic Dye Lasers, 
Appl. Opt. 8, 1613 (1969). 

Ferrar, C. M.: Simple High Intensity Short Pulse Flashlamps, Rev. Sei. Inst. 
1+0, 11+36 (1969). 

11-22 

^^^■■^t^^Ba^,,.^^.«^ ü^i^t.^,^^,.. ::.■ ^.■.. ..^MaaaiiMita^ M*ä*m*i*id. lÜä 



smmmmmmsm -mtSsK:: m mmmmmmtmHiKmiminmt Urnmi mmm »tt i; IIIIIM i—ii'grya 

R75-921617-13 

II-16.  Stedr, R., W. E. Schneider, and J. K. Jackson:    A New Standard of SpectrtJL 
Irradiemce, Appl. Opt. 2, 1151 (1963). 

11-17-   Searles, S. K. and G. A. Hart:    Laser Emission at 3577 and 3805 A in Electron- 
Beaxn-Pumped Ar-N2 Mixtures, Appl. Phys. Lett. 25, 79 (197^), 

11-23 

     --'--^-•■ — - -«-•■i.-%i.w.....v. r» ^■■■..^j.Aa»»^.-..^^.-,.(tcJttÜMtlläUSlIilAkmirriiiirtr» ..j.l,s'...A«g.aM^- .^»-«i^^v.^,, .„„.„,,. j^.t^...,!^^,. ...JM «»■.■•.:!>»i^3.il^ak»3t 



R75-921617-13 

< 
-I 

HI 
> 
O 

o 

FIG. |(-1 

w 
o 
LU 

>- 
D 

CL 

< 
I 

< 

. 

^4< R10-74-37 

^.^^„,^^,..,..^...^:^^^.^.^,^..^^,^^..^..^^^w..^^..:^J,^.^ ikUüitMül 

"•«•a«»Bi«8iBWliail>,,SJ 

"-"  



^^m^mMm&^^m' 
^tCjitOMiäMMt*KmXMniMammamimcmmmmmmt-j*MU r-iM-iiiniiiiimirT.LnL .. ui lypiinMW n i m r I'TT -r    '■'   ^.^^^„M——rt^nr— 

R75-82t617-13 FIG. 11-2 

CONSTRUCTIOK OF ARC LAMP 

•HEMISPHERICAL 
REFLECTOR 

INSULATION 

OR QUARTZ 

, 

COOLING WATER 

Z5< 
R06-251-« 

"^- • •■ ; ■    ^     —•'  ''•'•■• 
t-c^uaJj^^^-at^.MiLttt^j^^^ SiMidj^.^^sai^-^.Vxiai'...:: .-,      a,.»«^^^.r--..iia»i«..,.- ■V.WI.-IJ.: ^ ......   ■ ti 



|R75-921617-13 FIG.  11-3 

00 

-i 
u. 
Q 
UJ 
N 

00 
< 

X 
tu 
I- 
oc 
O 
> 

.\ 

26< 
R10-74-33 

------ -      ■•"---■   - ...-..^^~t**~~^~.^..**~~<~  ■..•■ ■ -.■^.. ^..u....^... ■.■■■.■■ 



«i»u,WMpwi^pp|pg|p||lM||^^ 

- S 

R75-921617-13 FIG. 11-4 

■ 

2;7< 
R06-251-5 

;.A^^.^,^^^^^^^^^1r:ft||^ri]ti^ 



FIG.  11-5 
R75-921617-13 

TWO VIEWS OF 10 CM VORTEX STABILIZED FLASHLAMP OPERATING AT 

257 Hz WITH 204J DISCHARGES (52 kW AVERAGE POWER) 
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FLASHLAMP OPTICAL POWER AND ENERGY VS INPUT ENERGY 
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IRRADIANCE FOR 1 MM OF ARC LENGTH MEASURED 1 METER FROM ARC 
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III.  AXIAL FLOW DYE LASER 

Introduction 

It was originally felt that in order to stablize the flashlamp discharge 
on the electrode axis a symmetrical environment is required. As a consequence, 
a spherical reflecting cavity was used to focus the light from the flashlamp 
discharge along one hemisphere axis into the dye cell which is placed along a 
joining hemisphere axis as shown in Fig. III-l. This system gives a symmetrical 
environment to the flashlamp, and, as our ray tracing program shows in the next 
section, the spherical reflector is an efficient light focusing geometry. The 
spherical reflector also provides symmetrical pumping for the dye cell. 

The dye solution flows into a manifold chamber mounted on the top of the 
hemisphere as shown in Fig. III-l and along the axis of the hemisphere where the 
flashlamp arc is focused (hence axial or longitudinal flow). The dye solution 
exits the dye cell from the center of the hemisphere along four equally spaced 
structs. A high reflectivity mirror for the laser resonator is mounted in the 
small holder at the end of the dye cell where the four struts come together. 
An antireflection coated window is mounted in the input chamber at the opposite 
end of the dye cell. 

, 

Three axial flow dye lasers were built. The first one used a 2M,F tubular 
capacitor that was found to be unsatisfactory in repetition rate operation. The 
second system used a larger 2(JLP capacitor that was capable of operation at the 
higher power loadings required for repetition rate operation. This system used 
a short parallel plate strip line to connect the capacitor to the flashlamp hous- 
ing. The third axial flow dye laser included an extensive modification of the 
flashlamp housing and capacitor connections from the second design. The dye cell 
part of the laser was essentially unchanged between the three systems, however. 

The first axial flow dye laser was kept intact and used extensively on a 
single shot basis to test various materials for compatHbility with the dye 
solution, various dyes and solvent, and optical distortiuu. This laser system 
was convenient in that it used only a liter of dye solution compared with 3?. 
liters for the high repetition rate laser. 

In the next section we will describe the results of a ray tracing program 
for the spherical reflector, then, in the following section discuss the dye 
solution pumping system and its limitations. Following this the results of 
laser average power measurements will be given. There were two major problems 
with this dye laser: a fall off in laser output at repetition rates exceeding 
50 Hz, and optical distortion that occurred on a single laser shot. The optical 
distortion causes early termination of the laser pulse and reduces the beam 
quality. The last two sections will deal with these topics. 
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Ray Tracing Program 

A computer program was developed to calculate the efficiency of the laser 
pumping cavity and to determine the distribution of energy within the dye cell 
This program provides a guide to optimize the dye cell and arc diameters 
Knowledge of the energy distribution within the cell can be used to determine the 
thermo-optical distortion and the dye concentration can be adjusted for the best 
compromise between the power output and the thermal distortion. 

An idealized model of the pumping cavity is shown in Fig. III-2  The dye 
cell is located on the axis of the cavity. The arc is assumed to be cylindrical 
and it is assumed to radiate from its surface as a black body. The symmetry of 
this configuration allows a considerable simplification in the calculation of the 
ray paths from the arc to the dye cell. Because of the symmetry, the efficiency 
for the cylindrical arc is the same as that for a line source that is displaced 
off the axis by an amount equal to the arc radius. Rays from this line source 
can thus be calculated rather than rays from the entire arc. This greatly reduces 
the number of rays that must be traced to obtain an accurate measure of the 
efficiency. The line source will, of course, provide an extremely asymmetric 
illumination of the dye cell. If we compute the power deposited by the line 
source in a given annular region of the dye cell, however, we will obtain the 
same radial distribution as would be produced by the actual cylindrical arc. 
This is illustrated in Fig. III-3. 

The computer program picks a number of points along the line source. From 
each point a bundle of rays is emitted with a Lambertian intensity distribution as 
shown in Fig. 111-2. The trajectory of each of the rays is traced, accounting 
for the losses on reflection from the sphere. Each ray is followed until it 
either hits the dye cell, the arc (where it is assumed to be reabsorbed) or decays 
below a specified intensity by multiple reflections from the sphere. If the ray 
hits the cell, the Fresnel losses are calculated and the direction cosines of the 
ray after refraction into the cell are computed. The trajectory of the ray is 
then traced within the dye cell and the power deposited in each annular region 
and axial region of the cell is computed. This process is repeated for the de- 
sired number of points along the line source and results in the determination of 
the power deposited in the cell as a function of r and z in the cell. The 
lengths and radii of the arc and dye cell are inputs to the program and may be 
chosen at will. 

Typical results for the efficiency are shown in Fig. 111-4. in this case, 
the arc radius was held fixed at 3mm and the radius of the dye cell was varied! 
The efficiency initially increases with the dye cell radius and levels off, as' 
one would expect, at a value approximately equal to the arc radius. In this case 
it was assumed that all rays incident upon the cell were absorbed. 
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From the efficiency, we may compute the optimum dye cell diameter. 
Initially, we will simplify the problem by assuming that the energy deposition 
within the dye cell is uniform. The gain coefficient of the laser, a, will then 
be proportional to the pumping power per unit volume, i.e., 

o = op 

where p is the pumping power density and c is a constant of proportionality. The 
gain of the laser will be 

1 + I/If 

where Is is the saturation intensity and X is the length, 
oscillating, the gain must equal the loss, i.e. 

a Si 
1 + I/I 

\\ ' 1 

or 

v H +  log R R 

The output intensity is thus 

When the laser is 

I    =    T I 01 SL 

log R1R2 

Where T is the transmission of the output mirror.    The total power out is the 
intensity times the area A of the beam 

P -    T I 
OUT £ al A 

log RiR2 
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Since 

0/    = cp. 

cpv = cP 
pump 

i .e. o,U   is  proportionnl to the total pumping power. We have then 

OUT = T I c P 
msL 

log R^ 
- TT r 

= K 3 P_ pump 

where K and ß are constants of proportionality, K = TTT ISJ ß = _ c/(■nlogR^), 

We may now plot the output power as a function of the pump power and the dye 
cell radius. Such a plot is shown in Fig. 111.5. These plots show that there 
is an optimum dye cell size and that this size increases with increasing pumping 
power (or correspondingly with decreased cavity loss or increased laser gain 
cross section). This is in agreement with experimental observations. 

The pumping density is, of course, nonuniform and the computer program pro- 
vides a detailed description of the pumping power density within the cell. An 
example of this is plotted in Fig. III-6, The function plotted is the power 
per unit volume at a fixed axial position and the dye absorption coefficient is 
a parameter. In this caae the dye cell radius and the arc diameter were both 
taken as 3 mm. The parameter on the curves is the number of absorption lengths 
in the dye cell radius, i.e., 3 corresponds to an attenuation of e-3 in trans- 
versing the cell radius. For low values of the absorption coefficient, a peak in 
the power distribution is observed within the cell. This is a result of the 
imaging of the arc. In the absence of the cell, the point on the arc would be 
imaged at the conjugate point in the sphere. For equal arc and dye cell radii, 
this would correspond to a point on the cell radius. Because of the refraction' 
of the cell, however, it acts as a positive lens and images the arc at a point 
within the cell rather than at the radius of the cell. At higher dye absorption 
coefficients most of the power ir  absorbed at the outer edges of the cell before 
it can propagate to the image point. 

■ 
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The second major problem was a physical limitation on the flow rate of 
dye solution.    When the flow was increased to about  .-ji/sec cavitation occurred 
in the dye cell at points where the fluid turned to enter or exit the dye cell 
If the system was pressurized to 20 psig,  the cavitation would not start until' 
a flow of .63&/sec  (10 GFM) was reached.    The cavitation was barely visible as 
an optical distortion at the onset, but the distortion increased in intensity and 
spread out to cover a greater percentage of the dye cell area when the flow wa^ 
further increased.     Several different dye cell sizes and designs were tested but 
no significant improvements could be made in the flow rate without cavitation. 

The pump seals invariably leaked at pressures greater than 50 to 60 psig 
With the first run on a new filter element we could achieve about one Jl/sec 
without pump seal leakage and severe cavitation in the dye cell. 

At  .63 GPM the dye solution has a flow velocity of about 12.5 m/sec in the 
dye cell.    The Reynolds number for this flow is 66,000,  and the flow is well into 
the turbulent regime.    For turbulent flow the pressure drop across the channel 
is proportional to the square of the average flow velocity.     Figure III-8 shows 
the pump outlet pressure for various pump speeds.    The pump speed is proportional 
to tne flow rate in the dye system.    We reduced the pressure on the dye soiution 
to see if we could increase the flow rate for a given pressure drop across the 
pump.    This would allow a larger flow rate before the pump  seals would leak.    At 
about 50 psig,  however,  the  solution strongly cavitated in the pump and the flow 
rate remained at the same level.    This is shown by the square data points in 
Fig.  III-8.    Another problem we encountered with lowering the pressure,  even 
slightly, was that many bubbles were generated in the dye cell and observed in 
the uuGlet reservoir when the flashlamp was discharging.    This undoubtedly was 
caused by the acoustic impact of the energy deposition of flashlamp light in the 
dye cell. 

Laser Tests 

-k 
A 1.5 X 10  molar solution of Rhodamine 6G tetrafluoroborate in ethanol 

was filtered and pumped through the 8 mm ID by 75 mm long active dye cell volume 
at various controlled rates up to O.63 liters per second.  In these tests the 
laser power supply was set for a fixed nominal output voltage of Ik  kV. This 
supply charged a 2 mfd capacitor which was then periodically discharged into the 
flashlamp via the series spark gap. Although no external charging resistance 
was used, the internal impedance (non-linear) of the pjwer supply caused some 
reduction of the charging voltage at high pulse rates. For example, although 
the lamp input energy remained nearly constant at about 196 joules per pulse up 
to 80 pps, it dropped by about 5 percent at 100 pps and by an estimated 30 per- 
cent at 150 pps. The drop could be compensated by increasing the supply voltage 
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setting, but this was not done for the tests reported in this section. The 
powv,r supply was later modified to overcome this problem and allow charging the 
capacitor to its full voltage in 2 m/sec. Output power was extracted from the 
laser through a 1+2 percent transmitting dielectric-coated mirror and was measured 
using a Coherent Radiation Laboratories Model 201 Laser Power Meter. Extraneous 
meter indications due to electrical noise and to dye fluorescence other than 
lasing were always smaller than 0.2 watts. A fast photodiode was used to observe 
the laser output pulse waveform. 

The operating procedure in these tests was to choose a dye flow rate and 
laser pulse rate, snap-start the power supply for immediate laser operation at 
full power, continue operation long enough to allo-.. the power meter to respond 
fully, and then immediately stop operation to allow cooling of the laser compo- 
nents before commencing another run with new operating conditions. This short 
burst operation was necessitated primarily be a lack of flashlamp electrode 
cooling, which leads to melting of the electrode structure if high power opera- 
tion is continued for more than a few seconds. The electrode assembly was later 
extensively redesigned to permit long term operation. 

Results of the laser tests are shown in Fig. 111-9 and III-10. The laser 
pulse waveform is similar to that observed in earlier tests without the series 
spark gap. As in the earlier tests, the duration of the laser output pulse 
(1.7 microsecond, FWHM) is substantially less than that of the corresponding 
flashlamp output (approx. 2.3 microsecond) due apparently to a quenching of the 
laser oscillation toward the end of the pulse. This quenching is thought to 
result from thermo-acoustic distortion. Total energy in the laser pulse is 
about 10 to 12 percent less than that obtained without a series spark gap, under 
otherwise identical conditions. 

Figure I1I-9 shows the dependence of average laser output power on dye flow 
rate for repetitive pulsing at various repetition rates.  Input energy was I96 
joules per pulse at low pulse rates, dropping off by about 5 percent at 100 Hz 
as described above. In general the laser output is seen to increase with in- 
creasing dye flow rate over the flow range employed here. At low pulse rates 
the output increase levels off at moderate flow rates, suggesting nearly com- 
plete interpulse replacement of dye in the active region. However, at 100 Hz 
the laser output is still increasing substantially with increasing dye flow 
rate even at the highest available flow rates. Although the maximum dye flow 
(O.63 liter/sec) corresponds to a nominal dye change rate of about 166 sec"1 in 
the 3.8 x 10"^ liter active dye cell vcJume, it appears that even faster flow 
is required to clear dye from the cell wall boundary layers. 

Figure III-10 shows the average laser output power as a function of pulse 
repetition rate at the maximum dye flow rate of O.63 liter/sec. The power in- 
crease vs pulse rate departs somewhat from linearity even at relatively low 
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rates but still increases substantially with increasing rate up to about 100 Hz. 
At higher pulse rates the laser power actually begins to decrease with increasing 
rate due to the previously noted power supply limitations as well as the inadequate 
dye flow rates. 

Figure III-ll shows the laser power output at repetition rate with 100 J per 
pulse input energy. Two curves are shown in the figure: one for an oxygen 
equilibrated solution, the other for a degassed solution. Oxygen acts as a 
triplet state quencher for rhodamine 6G and reduces the losses caused by excited 
triplet state absorption of the laser light (Ref. III-l). At repetition rates of 
50 Hz and below we get twice as much power from the oxygenated solution as from 
tne degassed solution. The oxygenated solution, for example, gives slightly over 
20 watts output with 5 kW input for an electrical efficiency of O.h  percent. The 
output from the degassed solution, however, saturates at a slightly higher repe- 
tition rate. The best laser performance we observed with the system was k2  watts 
at 100 Hz in an oxygenated alcohol solution. 

We note from Figs. III-10 and 11 that the output power is Tineav  with repe- 
tition rate up to about 50 Hz. Beyond this point the laser energy per pulse 
starts to drop significantly. Since the flow is limited to about .Gz/sec  in 
this laser system, we can expect that to get any significant improvement will 
require a prevention of the pulse energy fall off and/or an improvement in the 
laser pulse energy. These topics will be taken up in the next two sections. 

Figure 111-12 shows the results of single shot laser pulse energy measure- 
ments made with various mixtures of alcohol and water. Water-alcohol solutions 
tested in the high power laser always gave a smaller output than a pure alcohol 
solution. The beam quality with the alcoho.1-water mixture is slightly better, 
however (see Section III-6). 

Laser Output Fall Off 

The laser output was monitored with a photodiode detector and oscilloscope. 
The oscilloscope sweep speed was set on 0.5 sec/cm so that the envelope of the 
peak power of the laser pulses was traced out on the scope face. The baseline 
was suppressed to avoid saturation and overexposure of the polaroid film. Using 
this technique, we could determine how the output falls off in time. The results 
were surprising. Figure III-13 shows a trace taken with a repetition rate of 100 
Hz and 200 J discharges in the flashlamp. The laser output fell 33 percent 
immediately after the first pulse. The output continues to fall off another 
1^ percent but more gradually, and reaches a steady value in about 1 sec. We 
also simultaneously monitored the flashlamp intensity and found that the flash- 
lamp output deteriorates about 10 percent after the first five or six shots. 
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The 10 percent deterioration in the flashlamp light, however, does not explain 
the sudden drop in laser output immediately after the first pulse. A great 
deal of effort was spent trying to determine the cause of this effect. If this 
problem could be solved then we could expect a good deal more average laser 
power. 

We first found that the sudden drop in pulse intensity was related to the 
dye oolution flow rate. This is shown in Fig. III-14 where we have expanded 
the time scale to give more resolution between shots. With a PRF of 53 Hz and 
about half the maximum flow rate of .32 i/sec we see a significant drop after 
the first pulse. This is shown in the top trace in Fig. III-11+. If the flow 
rate is doubled the sudden drop in pulse intensity disappears. If we then 
double the repetition rate the pulse intensity again makes an initial drop as 
shown in the last trace in Fig. III-lU. Presumably, if we could flow the dye 
at 1.26 Z/sec,  we could eliminate the initial drop in pulse intensity at 100 Hz. 

We first suspected that the dye solution was not changing over fast enough 
in the active region. The dye cell has an ID of 8 mm and a length of 7.5 cm 
that is exposed directly to the flashlamp light. Using this volume and a flow of 
.63 X/sec, we get an average change-over-rate of 167 sec"1. If we include extra 
length of the dye cell that is not directly exposed to the flashlamp light, 
however, we get an average change-over-rate of 107 sec-1. We saw from Fig. II-9 
that a flow rate of .63 i/sec is barely adequate for a repetition rate of 50 Hz. 
That is, we have to change the dye solution in the dye cell 2 to 3 times faster 
than the laser repetition rate. 

A boundary layer is created in the flowing dye cell that contains dye solu- 
tion that is changed over at a slower rate than the solution in the central core 
of the cell. For turbulent flow through circular tubes the boundary layer builds 
up along the length of the tube axis according to the relation 

6 = .37D (Rj"-2 (X/D)'8 

where 6 is the thickness of the loundary layer from the edge of the wall, D is 
the tube diameter, Re the Reynolds number and x the distance along the tube axis 
(Ref. I1I-2). For a distance, y, inwards from the tube wall greater than 6 
(y >  6), the flow velocity is uniform. For distances less than 6, the flow 
velocity drops off as the one seventh power of the ratio of y to 6. That is, 

V/Vc = (y/6) 
1/7 f or y ^ 6 

where V is the flow velocity at y and V- is the flow velocity of the core (y > 6). 
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l^JTV     fÜVe Ula ^  6 We Can COmpute the size of ^e boundary 
JZl f^ !/     r6 ^ 0f the tUbe (X = 10 Cffi)- ,For a flow floaty of IP.5 m/sec   (.63  i/^c),  the Reynolds number is 6.6 x lo\  and  6 = 0.2l+3 cm      If we 
then compute the distance from the wall where the flow velocity drops"to 1/2 
the core velocity, we get ' 

yjyg =   6/27 = 19^m 

^ ^Pre!i
efS !he maximum.dista^e that the half velocity streamline extends 

from the wall. For a velocity of 75 percent of centerline flow, y 
3A 0.32 mm. 

thP ho Z        to.det^mxne the fraction of the laser pulse energy that comes from 
the boundary region, we placed apertures of different diameters over the end of 
the dye cell to block off different amounts of the dye cell boundary.  In this 
way we could determine what fraction of the laser pulse energy comes from a 
given^cross sectional area of the cell. Figure 111-15 shows the results of the 
expenment. From this figure we see that a 20 percent drop in the laser pulse 
energy requires an obstruction of .65 mm from the tube wall. The streamline that 
is .65 mm from the wall has a flow velocity of 83 percent of the center line or 
core flow velocity. Thus, if we change the fluid in the core over at a rate of 
107 sec - then the fluid at .65 mm will change over at 89 sec"1. The fluid at 
distances closer to the wall change over even more slowly. 

Figure 111-16 shows the results of a distortion measurement we made on the 

fl.  t^-T ^r' A ^^ laSer beam Wafi Sent d0Wn the cel1 and retroreflected 
from the high reflectivity mirror at the end of the dye cell. A beam splitter 
separated the return beam which was then focused through a pinhole and detected 
with a photomultiplier. A 632.8 nm spike filter was used to block all radiation 
except the HeNe beam. When an optical distortion occurred in the dye cell the 
HeNe beam would be deflected away from the pinhole.  In Fig. III-16 the photo- 

^1Sie^CUrrent leVel Vith  n0 distortio" ^ listed as 0 percent distortion. 
When the flashlamp fires the beam is immediately deflected away giving 100 per- 
cent distortion. As the solution moves out of the dye cell the beam slowly 
recovers to its undistorted level as shown. The optical distortion measurement 
was not very accurate in this experiment because of pump vibration of the high 
reflectivity mirror at the end of the dye cell. The mirror is spring loaded 
against an o ring and in direct contact with the dye solution.  Pump fluctua- 
tions from the gear pump would move the mirror slightly. This action generated 
a certain amount of noise making it hard to tell exactly where the distortion 
settled out. m Fig. III-16 the distortion recovered in about 21 msec for a flow 
of .32 A/sec (5 GPM) and 15 msec for .63 i/sec (10 GPM). At this latter flow 
rate, which is the maximum for the system, the dye recovery rate is 67 sec"1 

This is 62 percent less than the calculated change over rate based on the entire 
length of the dye path.  It could be that some of the light is getting into the 

III-10 
61< 

"^•-■■l •'-- T(mi iiWimrt^- ' ^—-^ -'- -^ "-■—^.-..J-..^,.^JJ..^^^,^~^--:.^—^,^... ......u;.:..-:,.^,.....^.-...^^ ■-■.   ,..,-....-...- ■■■ - - ■■    1 -1    ntt 



P^W^raiBW^-n^mPT™^^ 

I 
R75-921617-13 

end bells where the fluid enters the dye cell. Allowing for this extra volume 
reduces the change-over-rate to 77 sec"1. In addition, the boundary layer must 
break up at the turning point of the dye flow when it leaves the cell. This 
action too could give a longer time for some of the exposed dye solution to re- 
main in the cell. We tried several different ways of flowing the dye solution 
through the laser tubes, but we were unsuccessful at reducing the recovery time. 

The fall off in the laser output is therefore caused by a smaller than ex- 
pected recovery rate of the solution in the dye cell coupled with a fall off in 
the flashlunp intensity. The fall off in flashlamp intensity was more severe 
with the 10 cm long arc flashlamp built for the transverse flow laser. This 
problem was remedied by increasing the pressure and flow in the flashlamp as 
discussed in Section II. 

i 

Single Shot Optical Distortion 

In addition to a distortion that remains between succeeding laser shots, 
there is a distortion that occurs during the laser pulse. This has been referred 
to before. The second and third trace in Fig. III-17 show the laser intensity 
and flashlamp intensity taken at the same starting point. The laser intensity 
reaches its peak value before the flashlamp, and the laser pulse is terminated 
before the flashlamp has decreased to 1/2 of its peak value. The reason for the 
early termination of the laser pulse is a nonuniform deposition of heat by ab- 
sorption of the flashlamp light. This action generates an acoustic wave which 
deflects the laser light from the resonating cavity (Ref. III-3). As previously 
discussed, the excited triplet states of the dye molecules are effectively 
quenched so that if there were no rapid time varying distortions, the dye 
theoretically could läse cw (at present there is no arc lamp that can maintain 
the required brightness level to run cw, however). 

We performed an experiment that clearly demonstrated the generation of a 
flashlamp induced, photoacoustic wave. Figure III-18 shows the experimental 
set up. A HeNe laser beam was sent through a 60 x 60 x 20 mm spectrophotometer 
cell filled with rhodamine 6G dye solution. The beam was then focused through a 
pin hole, spectrally filtered to pass only the 632.8 nm wavelength of the HeNe 
laser, and detected with a photomultiplier. An ablating wall flashlamp was 
placed under, but not touching, the spectrophotometer cell, in order to avoid the 
transfer of a mechanical shock from the flashlamp. Aluiiinum foil was placed 
around the bottom and sides of the flashlamp to help contain the light. TY    HeNe 
beam t-ransits the cell parallel to the bottom so that the passage of an acoustic 
density wave would register by deflecting the focused light beam across the pin- 
hole. The HeNe beam is focused half way into the upper half of the pinhole so 
that an upward deflection gives a decrease in photocurrent and vice versa. A 
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launched that intercentc, +h« >,««  •  . indeed' a Photoacoustxc wave is 

T s^e of the6 ntVa^^^^rr^^^ -» 

into the distance Ziel    vTth r T       T    ,  ^^ betWeen def^ctions divided 
agree, with the sound velocity in ethanol at 20.5oC  (I213m/sec), 

A similar process might be occurring in thP riv« rtan 
Fig.   111-17 shows the optical distortion in fh/i The UPPer trace in 

time scale.    This trace was tak--^ **      *** Cel1 0n a 2 ^^/div. 
not to affect the nenllT^ ^ ^ " 
described In Section ITT s for «, experimental set up was similar to that 

dye laser.    The rJtrorefiected »!» "T0"^ rate ""^«'«'^ °n the high power 

detected h, a Phol^Sfhe     t r O^p 1^11^ a Plnh01: ^ 

until about 2" e"      At th^ tlL t.b    .Tf3 fr0" ^ Start 0f the la^' P^^ 
one .sec and than   ncreases a~ln     1^°° m*"S t0 be ^^ f°r ^^ 
ti.es.     This result „as ZT^' zT^l^^IIT T " ^ 

optical ddstcnL^t t st PIV nr"? "ras the :pening i"the 

to anal^e the acoustic wave dlsturbanc ^n thi Iye o^^aue to» inItiated 

restrrctlons the progra» „as not completed.    It is dear that i? the ef, 

amcienoy could be obtained. ^ '""^ """ e1^^ 

dye lIsS" Forlhe^sSuT1!4: ^ I ^ ^^ ^—^ made on the 
1 meter focal length len       1 » »       I .T ^ """^ ln the far fle" of a 
of different si^f ^ t '     —      * l^/ZZ T"** ^^ aPert^ 
calibrated in the acceptance amn. r.r tl . ' the detoo^d signal was 

direct measure of t^t" ^ am' ivlr etc "^^"iZ5 ^^ 8iVeS a 

widest aperture of 25 milliradians IZTZeT^lXl™"*11*** t0 ^ 
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RECOVERY FROM FLASHLAMP INDUCED OPTICAL DISTORATION 
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FIG. Ill-'9 
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FIG. 111-20 

LASER BEAM QUALITY FROM SINGLE SHOT LASER TESTS 
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IV. TRANSVERSE FLOW DYE LASER 

Introduction 

From the discussions in Section III, it is apparent that the principal limitation 
to obtaining higher average laser power is the fluid flow rate throu^i the dye cell. 
For laser repetition rates larger than about 60 Hz the fluid is simply not being 
replaced fast enou,3h. The use of a bigger pump was not the answer cither, since the 
limitation in the flow velocity in the dye cell (I2m/sec) and the pressure limits of 
the pump seals (60-70 psig) have been reached. Clearly a coinplet5ly redesigned flow- 
ing dye cell is needed to pemit lower pressures and higher flows. Experimental 
results of 3. G. Varnado (Ref. IV-1) indicated that larger flow velocities will 
degrade the laser output by the production of small bubbles in the dye solution. We 
had to pressurize the fluid system for the axial flow laser in order to avoid the 
generation of bubbles when the flashlamp was fired. It is clear, then, that probably 
only small gains at best could be achieved in laser average power by redesigning the 
axial flow system for a faster flow rate 

A system that flows the dye solution transverse to the flasWamp pumping axis 
would give a gain in the dye replacement rate of the length to diameter ratio of the 
flashlamp. In addition, we can make a transverse flow system narrow so that the dye 
volume is smaller. A transverse flow system, then, would allow us to run the laser 
to a much higher pulse repetition frequency without the sudden fall off in pulse 
intensity observed with the axial flow laser. The disadvantage of a transverse 
flow system is the inability to focus the flashlamp light into the dye cell as 
efficiently as with an axial flow system.  It will be shown in the following 
sections that the repetition rate advantage of the transverse flow outweighed the 
loss in efficiency to giv us a much higher average laser power. 

We considered two designs for a transverse flow system. The first one is shown 
in Fig. IV-1. Two grooves could be cut on opposite sides of the dye cell hemisphere 
and a channel placed through the hemisphere as shown . In order to avoid severe 
reflection loss for high angle of incidence light rays cylindrical focusing lenses 
would have to be used for the dye cell pumping windows. The light co?lection 
efficiency with the flow channel placed in the reflecting sphere is greatly reduced 
when compared to the axial flow dye cell. This is because the focusing optics can 
only direct light from a limited angle into the dye cell. 

The second design considered was to place a straight flow channel at the opposite 
focus of an elliptical reflector from the flashlamp. This requires cutting off the 
ellipse at the focus where the flow channel is to be placed. A fraction of the 
pumping light will then be lost by the light baffling of the flow channel. The 
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As mentioned above, the ray tracing program is very versatile and can model 
most of the properties of an actual pumping cavity. In further work, this could 
be used to develop a fully optimized cavity for a transverse flow system. 

Flow System 

The transverse flow channel and IP .nifold chambers were constructed from 1/16 
inch stainless steel metal, welded together and pacified to prevent corrosion. A 
rigid aluminum frame holds the manifolds and tapered boxes in place. Solarization 
resistant fused quartz windows were attacned between the two tapered ".'oxes to fom 
the section where the dye solution is optically pumped by the flashlamp. The windows 
that fom the laser cavity were ant i reflect ion coated on the outside surface and 
xaced on the ends of the flow channel. The window opposite the pumping window was 

racked by a polished aluminum reflector as shown in Fig. IV-3. Withoxit the reflector 
the laser output would drop lh  percent. 

At first we epoxied all the windows in place. The epoxy joints and quartz 
windows are rigid, but the stainless steel channel is flexible. As a consequence, 
small channel pressures can build up large stresses at the epoxy joints and eventually 
cause either the quartz window or the epoxy seal to break. The epoxy was replaced 
with RTV which is more flexible. The RTV worked for the most part, but after a few 
weeks dye solution would seep out under the seals at the end windows. This mi^ht 
have been avoided by sandblasting the window surfaces that are joined by the RTV. 
The sandblasted surfaces would give the RTV more area to adhere to. In any event, 
a mechanically sealed design with the special cut and ground windows required would 
te the ultimate solution. Time limitations, however, prevented this option. 

Figure IV-6 is a schematic of the circulating dye system built for the trans- 
verse flow dye cell. A ho GFH  centrifugal pump was driven by a 3 hp variable 
speed motor to provide the dye circulation. The pump easily gave ^0 GIM with the motor 
apeed r-ontrol set to 80 percent of full speed. The P.P.  inch cartridge filter and 
housing used earlier was replaced by a larger capacity filter that could handle the 
ho Gm  flow with only an 8 psig pressure drop. With several hours of accumulated 
running time no clogging of the filter system was observed in contrast to the gear 
pump system. After leaving the dye cell, the solution went into a 6 inch I.D. by 
2 ft high reservoir. From the reservoir, the solution returned to the pump. Two 
inch I.D., rigid PVC tubing was used to interconnect the pump, flowmeter, filter 
housing, dye cell and reservoir. The system was filled through the top of the 
reservoir and several drain valves were placed around the system to allow quick and 
efficient drainage. A second pump, filter, and reservoir system circulated distilled 
water for the focusing lens. Before entering the freusing lens, the water was passed 
through a l/k  inch stainless steel coil imnersed in the dye solution reservoir. This 
allowed the lens water and dye solution temperatures to equilibrate and prev*»' c  the 
possibility of themo-optic distortion from heat transfer between the t\ 0 fluids 
through the purping window. 
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The results of the measiirements on the recovery of the riashlanp induced optical 
distortion clearly indi-ate the we should be able to run the laser at repetition 
rates well over 300 Kz without affectinc the laser pulse.    The transverse flow sys- 
tem  La about 6 times faster in replacement of the dye solution than the axial flow 
system even when using a lower I'low velocity. 

Laser Tests 

The transverse flow laser was first tested with single shots to determine the 
optimum dye concentrations and output couplings. Burn patterns of the laser beam 
taken on black polaroid film gave a "c" shaped pattern. Figure 17-12 shows a tracing 
of two bum patterns. The cross hatched areas are the places where the burning was 
moot intense. The fact that we f^et a "c" shape in the intense part of the laser 
beam ^eems reasonable if one considers the pump light distribution in the dye 
«•hannel. The pump light is most intense . uat behind the window and in the center of 
the focused light. In these recions, the optical index of refraction is the greatest. 
As a consequence, during the course of the pumping pulse, the laser beam is deflected 
away from the window and split vertically. The distortion buildr up in the channel 
so rapidly tJiat the laser pulse is terminated before the flashlamp pump light has 
decreased to half of its peak value (see Fig. IV-lU). Figure IV-H'b shows the burn 
pattern when the laser reflectors are angulated 10 mrad towards the flashlamp. The 
an,filiation helps to -ounterbalance the beam deflection away fron the flashlamp and 
produces a more rectrmgular bum pattem. We also get a larger laser piuse energy 
and higher peak intensity with the angulated reflectors. 

To .^et maximum pulse energy the laser reflectors were placed as clcse to the 
dye channel as possible. The laser cavity was then 13 cm long. Optimum dye concen- 
tration and output coupling were found to be 2.5 x 10" ' M and 50 to 60 percent. 
Figure rV-13 shows data points for laser pulse energy at different discharge energies. 
The laser pulse ener^r was measured with a Gcience Tech model 36'J power/energy meter. 
The single shot efficiency for the transverse flow laser (laser pulse energy/energy 
stored on discharge capacitor) is just over 0.2 percent. The efficiency was improved 
13 percent by using a conmercially purified grade of rhodamine 6G (Pilot 559). 

The transverse flow laser Iv.d an efficiency of one-half that of the axial 
flow laser. We expected the eific'ency of the transverse flow to be smaller than the 
axial flow because an additional. 15 to :j0  percent portion of the flashlamp light that 
strikes the flow channel is not focused by the ellipse into the dye solution. More 
importantly, however, the ray tracing program showed that a sizable fraction of the 
flashlamp light was being reflected into the flashlamp end wells from the side of 
the ellipse opposite the flow channel. Also, the elliptical reflector was cut out 
of an aluminum piece and polished by hand. The best specular reflectivity we 
could obtain by hand polishing was measured to be 68 percent. The reflectivity coald 
be improved considerably by using an aluminized, kanigen coated reflector that is 
overcoated with a MgF layer to enhance the reflectivity at wavelength: into the uv. 
We estimated the collection efficiency for the transverse flow laser to be kO nercent. 
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PUMPING CHARACTERISTICS CF TRANSVERSE FLOW SYSTEM 
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TRANSIT TIME OF BUBBLE JN FLOW CHANNEL AT 0.72 1/ SEC 
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HIGH SPEED FRAMING PHOTOS OF A HE-NE LASER BEAM SPOT 
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BURN PATTERNS FROM TRANSVERSE FLOW DYE LASER 
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SINGLE SHOT LASER PULSE ENERGY FÜR 37% OUTPUT REFLECTOR 
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LASER AND FLASHLAMP PULSES 
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EFFECT OF FLOW VEIOCITY ON LASER OUTPUT 

O    100 Hz PRF 

O    200 Hf PRF 

AVERAGE FLOW VELOCITY IN CHANNEL, m/SEC 
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V.  HIGH RESOLUTION DYE LASER RANGING 

Modulation Techniques 

In many of the applications envisioned for the high power dye laser, it would 

be desirable to be able to obtain better range or time resolution than that which 

can be provided by the 1-2 microsecond pulse duration of the dye laser that has 

been described in previcun sections.  There are a number of approaches that could 

be used to obtain bette/, reßulution. The most obvious solution of course would be 

the use of a shorter pulse. This is not attractive since shortening the pulse 

duration will generally reduce the total pulse energy. One is then led to consider 

various forms of modulation that could be imposed on the laser to obtain better 

time resolution while maintaining the overall pulse duration. The situation is 

similar to the pulse compression problems dealt with in microwave radar.  It is 

different, however, in that in the microwave case we can use coherent processing 

of the carrier while in the case of the dye laser, this cannot be done.  In this 

section, we consider three possible modulation formats that could be used to 

obtain becter range resolution. These are pulse amplitude modulation, pulse 

position modulation and optical wavelength modulation.  It appears that the last 

technique offers the most promise and this is discussed in greater detail in the 

following sections. 

The most straightforward type of amplitude modulation would involve mode- 

locking of the dye laser.  This would allow extremely good range resolution (as 

short as one millimeter), but suffers from large ambiguities at the mode-locked 

pulse repetition rate.  One could consider taking the output of a mode-locked 

laser and impressing an additional amplitude modulation on the train in order to 

suppress the range ambiguities.  This situation is illustrated in Fig. V-l. The 

laser output is assumed to consist of a uniform train of pulses separated by a 

time Ts and having an overall duration T. The modulator is assumed to .lave no 

gain so that it multiplies the intensity of each pulse by some number between 0 

and 1. This modulated pulse train is transmitted to the target. The received 

signal, after square law (incoherent) detection, is passed through a filter 

matched to the envelope of the transmitted waveform. The output of this filter 

is the autocorrelation of the envelope of the transmitted waveform.  Ideally, it 

should consist of a large central maximum and a small tidelobe level as shown 

schematically in Fig. V-lc. ;t will, of course, have a pulsed structure with 

separation Ts. The ratio of the peak value to the mean sidelobe level provides a 

measure of the ability of the receiver to distinguish between targets out of the 

desired range.  It may be seen from the discussion below that it is not possible 

to achieve a high peak-to-sidelobe ratio using this scheme except for trivial 

and uninteresting cases 
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reduced by a factor of N.    Clearly, this is an vninteresting case     We consider 
the gneral case where the modulator i^ea a modulation f(t) on the ZseslLe 
0 < f(t) < x.    The matched finer output will be 

00 

a (r) = / f(t) f(t-r) dt 

The average value of the output is 

* = 2T  y a(r) dT =h J  f(t) /*(*'*)  dr dt 
or 

- | T (f )2 

While the peak value is 

on 

^(0)  =   f t{ t)2 dt = T  (f2) 

The ratio of the peak to the mean level is thus 

1(21 .PE 

trivia T H ' 0 < f < ^ ^ is elear that with the exception of the 
trivial case discussed above, this ratio cannot be made large Thus this fJZ 
of modulation format does not appear attractive. '     ^ 

in Fif ^^P1, r81^ ^ inVOlving V"1** Positio" modulation is illustrate 
,nH i 7   T? laSer iS made t0 emit a train of N P^^s of duration TP 
and hav ng a total time duration T. We assume that each one of the pulses ca^ be 
Placed in any one of M - T/Tp possible positions in the time interval T  It is 
possible to arrange these pulses in such a way that the maximum sidelobe level never 
exceeds unity The peak valu. of the autocorrelation function will be N. so that 

sVl M)I/2 ^ N- JT  nUmber ^ PUlSeS that ^  be arranged in ™* a -^nce is N ~ (M)y^ Here M is a measure of the time bandwidth product of the pulse 
envelope since A<u~i/Tp and Aö»T = T/Tp = M. 
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To construct a pulse sequence such that the sidelobe level near exceeds 

unity, ic is necessary that all the N(N-l)/2 spacings between pairs of pulses in 

the train differ from each other by at least the pulse width. A simple sequence 

of this type is a train of N pulses having separations of N Tp, K + 1 Tp , N 

+2 Tp . . . . [N -t (N - l;] Tp. The total duration of such a sequence is 

N2 + N(N - l)/2 - 1.5 N2 so that N = (M/1.5)1/2. This is not an optimuu sequence 

as it does uot make full use of the available time bandwidth product.  It is 

possible to construct other sequences that make better use of the time-bandwidth 

product. One such sequence is series of pulses having the spacings 2, 3, U, 6, 8, 

11, 16, 12, 2k  in units of the pulse width TL. This series of 10 pulses has a 
total duration of 97 Tp. 

Experimental realization of such a modulation format could De very difficult. 

One possible technique would be to use a cavity dumping scheme as shown in Fig. V-3, 

In this scheme, the laser is operated with totally reflecting mirrors. The 

internal energy is dumped out by the electro-optic modulator in accordance with 

the desired sequence of delays.  The output pulse duration would be determined by 

the cavity transit time, or the order of one nanosecond. Since the overall pulse 

duration of the unmodulated laser is about 1 microsecond, this would imply that 

M = lOOo and n s 30. Use of a stagger sequence of the first type described above 

would allow a sufficient time ( - 30 passes) between pulses for the radiation field 

to buildup in the cavity. The requirements on the modulator in this system are 
rather severe. 

A third modulation format that can be considered is optical wavelength 

modulation. This is shown schematically in Fig. V-U. in this scheme the laser 

output is a long pulse but the center wavelength ofothe laser is caused to sweep 

over the entire available laser line with f100-200 A) during the time of the pulse. 

This is termed wavelength modulation rather than frequency modulation since we 

do not envision a ooherent freiuency sweep. To perform a coherent f."■ iuency 
sweep over 100 A in one microsecond is beyond the capability of any present or 

projected modulator.  In the proposed scheme we simply require that the laser be 

made to oscillate at different parts of its available line width at different 

times during the pulse. Dye lasers can be made to operate in this way, as will 

be discussed in the next section.  In fact, they tend to operate in this way 

spontaneously, although not with a sufficiently narrow instantaneous line width 
to be useful for this application. 

Two types of receivers could be used with this transmitted waveform. The 

first uses a Trequency swept filter that is swept in synchronism with the trans- 

mitted waveform (with an appropriate delay corresponding to the range of interest). 

This is analogous to a correlation receiver that correlates the received waveform 

with a stored replica of the transmitted waveform.  It is not a very convenient 

receiver since It is good for only one range. To detect signals from several 

ranges simultaüeously would require a bank of filters, one for each range resolu- 

tion element. A better receiver is one that consists of an array of narrow band 

V-3 
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of optical filters, each with its own detector. This type of detector is shown 
in detail in Fig.V-5. For a linearly swept transmitted pulse, each of the 
detectors is sequentially excited by the received signal and emits a pulse of 
duration determined by the dwell time of the swept signal in the pass band of the 
filter. The pulses from tne separate detectors can be summed in an appropriate 
delay network as shown to produce an output pulse containing all of the received 
energy and having a duration equal to the duration of the individual pulses. The 
scheme shown in Fig. V.5is inefficient in that ^be signal is divided into N channels 
and only the energy corresponding to the w»"«rength for which a given channel is 
tuned is used. This difficulty is easily overcome by using a dispersive device 
such as a grating or prism for wavelength discrimination, with an array of detectors 
placed in the focal plane, as shown in Fig. V-6. The range resolution of this 
system is determined simply by the pulse duration of each tuned channel. This 
in turn is determined by the sweep rate. Let us consider sweeping the laser line 
area 100 A in one microsecond with an instantaneous line width of 1A. We could 
then employ 100 channels with a width of 1A each and obtain 10 nanosecond time 
resolution. The discrimination against targets at other than the desired range 
can be made exceptionally good. The response at a time t to a signal received 
at a time t-t0 is given by the response of the optical filter at a wavelength 
ßt0  removes from its center frequency, ß here being the sweep rate in Angstroms/ 
second. If a diffraction grating is used for the wavelength selection, the rejec- 
tion can easily be made 10^ to 1. This system is vastly superior to the other 
modulation formats discussed. The reason for this is that the other systems 
operated on the detected envelope of the transmitted signal and thus were limited 
by the limited time-bandwidth product of the signal. Use of modulation of the 
optical wavelength adJs a whole new dimension of flexib-' ity. The available 
time-optical bandwidth product im  of the order of 6 x ^0Ö,  which allows resolution 
far in excess of the present requirement. In the following sections implementation 
of such a system will be discussed. 

Frequency Sweeping the Dye Laser 

A dye laser normally emits over a wavelength interval of 100-200 A. By 
placing a narrow band filter in the cavity, the output line width can be narrowed 
to as little as 10-3 A with little energy loss. If the center frequency of sucr 
a filter is caused to sweep across the line, the laser output will also sweep. 
In this section we consider the question of the rate at which the laser can be 
swept and the loss of power tliat is entailed by the sweeping.  In the next section 
we shall discuss experimental means for realizing a swept filter. 

The treatment of the sweeping can be carried out conveniently in terms of 
the rate equation for the energy density (per unit wavelength). This equation is: 

110< 
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dt ■  (ß + T + *,X, t)) jt  +~^: 

where g 
f 

single pass gain coefficient 
energy density 

y    =  linear loss = 1/2 In  RjRg 

&    = in  T(X,t) where T is the transmission of the sweeping filter 
n = inversion density 
Tf  = fluorescence lifetime 
A^i = solid angle subtended by the laser in the cavity 
AX = fluorescent line width 

The last term is the spontaneous emission term and is simply the total fluorescence 
per unit wavelength that is emitted in a solid angle equal to the subtended by 
the laser medium. We shall assume that the dye laser is completely homogeneously 
broadened, a good assumption. The quantity g is the saturated gain. We will 
assume that this is related to the small signal gain by a generalization of the 
Rigrod formula 

g = 
So 

1 + (1/IB)/I(X) dX 

where Is is the saturation intensity ani I is the intensity per unit wavelength. 
We will also assume a very broad lens so that g is independent of X. We use the 
relations 

g - no-* cr = gain cross section 

and 

anc1 

hlf 

I.c    = S   - CTTf 

kr = t 

to rewrite the equation 

Es  = Is/c 

k = number of single passes 

dk ' l47rAX   e Cs 

 6o  
1 + 1/Esf   E(X) dX 

V-5 111< 
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It is of interest fir.st to consider the predictions of this equation in the 
absence of a frequency s^eep.    In the absence of a filter, and in the steady state; 

--L-^L   -o- (g - X)   E(A, k) + K gEß 

K    !Ä& « i 

The second term on the right is extremely small compared to Eg. The term E should 
be comparable to Ea. The only way that the two terms can cancel is for (g - y) 
to be essentially zero.  Thus, 

g ■ 
go 

1 + (1/t,) / £dA 

1/ES f EdX   =  g0/y - i 

This determines the total intensity output from the laser.  In this case the line 
shape F(X) is undetemined. This is a consequence of the assumption of a constant 
g and the homogeneous broadening. If we insert a filter function, the equation 
becomes 

(g -7)+a(X)) E{\)  = -K g£c 

We assume a filter function of the form 

T.e-^-V' 

We obtain then 

C(X) - 
K gE, K ggs 

y- (A -v  : fx-Ao)2 + (y- g) 

The laser line is Lorentzian with a width (7 - g)V2, The value of g must adjust 
itself so that (7 - g) is a positive number. We find 

*   . / e(x) dx - /  as-,-  . «0 . i 
es   ' CV - g)1^  -g- 

112< 
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This condition determines the saturated gain g, given the unsaturated gain g0. 
It is clear that g must be nearly identical to 7.    We can write g = Y - 0   c.^d 
obtain 

7TKY go 
T 

We note that K = AQ/UnA)* is an extremely small number, of the order of 10"°, 
Thus the line width 41/2 is extremely small also, of the order of 10"9 A for 
the 1 Ä filter that was assumed. This is just the behavior that would be 
expected if the laser were truly homogeneously broadened. The output should 
consist of a single, very sharp line. This narrow output line is not observed 
experimentally. This is a result of many factors such as dimensional instabilities, 
time varying refractive indices, spatial hole burning and transverse mode compe- 
tition. In addition, the cross relaxation time between the levels that produce the 
broad laser line, though very short, it not zero, so that on a sufficiently fast 
time scale the laser appears inhomogeneously broadened. 

In either case discussed above, however, we find that the total output, 

integrated over X is the same., 

1 i   /£dx = *° . 1 

We now assume that the sweeping filter is swept linearly in time (or k) so that 

n (A, k) = a{X + ßk) = o(x); x = X+ ßk 

We still assume that the laser line is extremely broad so that g is independent 
of A, We shall look for a steady state response, with 

£(A, k) = e(X + pk) = t(x) 

The rate equation thus becomes 

p *£ = [g - 7 + «(x)]  £(x) + KgE£ 
dx 

. 
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This is a simple linear differential equation that determines the resulting line 
shape E(x). There is one complication however. The known parameter is go, the 
unsaturated gain and not g. This is not a serious difficulty. The equation can 
be solved for an assumed value of g and then the value of go can be computed. 
The value of g can then be changed and the equation resolved until the appropriate 
value of g0 is obtained. 

The following effects would be expected intuitively and are born out by actual 
solution of the equation: 

1. the laser line should lag behind the peak of the filter function 
and the amount of lag should increase with increasing sweep rate, 

2. the laser line should become broader as the sweep rate is increased. 

3. the power output should decrease with increasing sweep rate. This effect 
occurs because the intensity at any given wavelength can only build up 
while the filter is near the wavelength. As the sweep rate increases, 
the time available for buildup will decrease. 

The equation determining the line shape was solved by direct numerical 
integration on a digital computer. For simplicity, it was assumed that the 
filter function was Lorentzian, 

T (X) ES 
\ AX    I 

+ 1 

Typical results are shown in Figs. V-7and V-8. The laser output line is plotted 
relative to the position of the line center of the sweeping filter. The para- 
meters used were 

K = 
-0.6 
10-9 

1 (normalization) 

Figure V-7 shows the case of ß= .05 (filter linewidths per pass) and Fig. V-8 the 
case of p« .02. The laser line is seen to lag behind the filter, and the amount 
of the lag increases with increasing sweep rate (increasing ß). The experimental 
value of R0 is 1.5 - 2.0; the values of g were chosen so that gQ came out in this 
range. The integrated output was computed for each case and compared with the 
value that would be obtained in the absence of the sweep. The efficiency 

1   = 
i/£s /w dx 
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r 

R7 

is given for each curve. Curve b of Fig. V-7and curve a of Fig.V-8correspond to 
nearly identical values cf g. The efficiency at the faster sweep rate is 19^ and 
at the slower rate is 39^. The efficiency drops off rapidly at faster sweep 
rates. The line width is seen to be considerably reduced over the filter line 
width, being about .2? at the faster sweep and .17 at the slower sweep. The 
crucial parameter that determines the time resolution of the wavelength modulation 
scheme is the sweep rate in terms of laser line widths per pass, not filter line 

widths per pass. Thus for the slow sweep 

^, JL 
.17 .17 

= 0.118 

and for the fast sweep 

ß%  = -^ = ^=0.185 
.27 ' -27 

For even the slow filter sweep rate, the effective sweep is greater than .1 laser 
line widths per ^ass. The line width is then covered in 10 passes. A lasing 
line width of 1 A could be swept across 100 A in 1 microsecond and would provide 
100 range resolution elements with an extremely small amot'-nt of cross talk between 
them, and with a relatively modest loss of output power. This scheme thus appears 
to be a very attractive way to improve the range resolution. 

The example discussed here is oversimplified and serves merely to indicate 

the feasibility of the proposed technique. One would expect that improved 
operation could be obtained by a careful design of the line shape of the sweeping 

filter transmission. 

It should also be noted at this point that the wavelength modulation scheme 
is not restricted to the dye laser. It is applicable to any laser with a wide 
lasing line width. The Nd:glass laser should be a good candidate for use of this 
system.  It should work even better than the dye laser since the line is inhomo- 
geneously broadened. This is an advantage since the filter in moving from one 
wavelength to another encounters the unsaturated gain at the new wavelength rather 
than the saturated gain. This will lead to better efficxency at a given sweep 
rate and will allow faster sweep rates. The swept output could be doubled using 
a crystal with a wavelength insensitive phase matching angle (KDP has this property 
for 1.06 - .53 microns) or by electrooptic control of the phase matching angle. 
The advantages to be gained by such a system are those gained by any pulse 
compression technique, primarily the ability to use a large amount of energy in. 

a long pulse with the resolution available in a short pulse. 

115 
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for the application.    Mechanical displacement of the optical flat ic achieved by 
piezoelectric expansion and contraction of the tube which i<ö excited in the length- 
wise mode by a sinusoidal voltage applied between the inner and outer metallized 
cylindrical surfaces. 

At resonance, the total tube extension for a given applied voltage is propor- 
tional to the tube length and f, the resonant frequency,  inversely proportional to 
the tube length.    Thus, the minimum time required to scan one free spectral range 
is independent of tube length but depends only on the amplitude of the drive voltage 
and Lhe Q of the PZT tube.    To minimize the decrease in Q by the holding structure, 
the tube mirror assembly is held at the center mass, which is a mode of vibration, 
by a nylon ring which is clamped securely to the tube.    Experimentally, it is found 
that only for short tubes  (on the order of 3 cm length,  or less) does the clamping 
ring significantly decrease the Q of the PZT element.    On the other hand, long PZT 
tubes  (on the order of 7.5 cm or longer) are undesirable since it is difficult to 
hold good alignment and spurious resonant modes tend to be excited.    The choice of 
tube length is essentially a compromise between a decreased Q value with short 
tubes and difficulty of maintaining alignment with long tubes.    We find a tube of 
approximately k an length and a resonant frequency of hO to 50 kHz is a good compro- 
mise between these two conflicting factors. 

The complete tube-mirror assembly is mounted in an angular orientation device 
which has differential micrometer screws for precise angular control of the assembly 
relative to the second interferometer mirror held in a specially designed mirror 
mount.    This second mirror is mounted on a precision translation stage which allows 
control of the mirror spacing (and thus the interferometer free spectral range) feo 
better than 1 micron.    A photograph of the complete interferometer is shown in Fig. 
10. 

Initial testing of the interferometer was done at 6,328 X wavelength using mirrors 
coated for 85 percent reflectance.    The time to scan one spectral range, or the scan 
time, was measured using the experimental configuration shown in Fig. V-9.    A number 
of free spectral ranges were scanned during each half cycle of the drive voltage and 
typical display of the interferometer output is shown in Fig. V-ll.    Each spike 
represents a scan of one free r-pectral range and the spacing between the spikes is 
the scan time.    A plot of the scan time as a function of the peak drive voltage is 
shvjwn in Fig. V-12 where a 33 V peak drive resulted in a 0.57 usec scan time and 
the corresponding resonance frequency of the 3.8l cm long PTZ element is U8.2 kHz. 

The free spectral range of the interferometer used to obtain this data was 
measured to be 58 A at 6,328 X wavelength (or 67 % at 5,900 %). 

The experimental configuration used in the dye laser frequenc/ sweep experi- 
ments is shown in Fig. V-13.    The dye laser head consists of a Candela CL-100E1  coaxial 
flashlamp excited by a low inductance drive circuit consisting of a 0.3 ^f capacitor 
and a triggered spark gap.    A typical current drive pulse is 2 p.sec (PVHM) with a 
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output;  an example of which is shown in Fig. V-l8.    The laser output with and without 
a drive voltage to the PZT element are shown in the top and bottom photographs, respec- 
tively.    With a drive voltage, the laser output is scanned over greater than a 100 A 
wavelength range.    The fact that the scan does not necessarily begin or end at the 
wavelength of the laser output  rfith no drive voltage is primarily due to a time 
difference between the taking of the two photographs during örtlich the center bandpass 
of the interferometer can change. 

An unusual type of spectrum, which illustrates that the experimental results 
arc not yet completely understood, is shown in Fig. V-19 where the output consists 
of an unswept and two swept parts. The laser may have operated simultaneously or 
in time sequence in these various modes and time r^olution using a streak camera 
could resolve these differences. The spacing between the two swept portions of the 
spectrum are separated by approximately 250 A which is well beyond the 150 % free 
spectral range of the interferomef-sr. 

In conclusion, a promising technique    to rapidly frequency sweep the output 
of a pulsed, flashlamp pumped dye laser wac Judged to be a resonant driven air 
spaced Fabry-Perot interferometer.    Such an interferometer was constructed and initial 
tests revealed that it is possible to scan one free spectral range in approximately 
0.6 ysec with a peak drive of 30 V at 1+8 kHz.    A free spectral range to 150 X has been 
achieved and 200 A is believed to be a practical limit.    Testing of the fast scan 
interferometer intracavity in a dye laser showed it is possible to scan the output 
over greater than a 100 A range during a single pulse (0.5 usec PVHM and 1.5 p.sec base 
width).    The linewidth of the laser output with no scanning is typically 20 A. 

Conclusions and Recommendations 

The scanning interferometer discussed in section V-3 was capable of sweeping 
the frequency of the dye laser during the pulse.    The instantaneous bandwidth was 
rather large, however, and to reduce it would require a much higher finesse etalon 
with its attendant losses.    Alternately, a second eta'.on of smaller free spectral 
range could be used and scanned in synchronism.    Since the performance of this work, 
however, other techniques have bern developed which show much more promise for 
accomplishing the desired end.    At this time the most promising techniques appear 
to be electro-optically driven Fabry-Perot filters or acousto-optic tuning techniques. 

ELectro-optically driven birefringent Fabry-Perot etalons have been used to 
tune a dye laser over a range of 135 A with a linewidth of several Angstroms (Refs. 
V-3 and V-U).    The acousto-optic tuner uses a transverse acousto-optic interaction 
to provide a beam deflection.    The deflected beam is scanned across a grating to achieve 
a wavelength discrimination.    It Is estimated that tuning rates of 100 nm/^sec 
should be achievable (Ref. V-5). 
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Using either of these techniques, wavelength sweeping of the dye laser during 
a pulse should be feasible and subsequent compression can reduce the effective 
duration of the pulse by a factor of 100 or more. 

V~lk 
1Z0< 

 --——-'—-— -   -- --      -    - «*_  J 



I 

"> ■ ' *   

R75-921617-13 

 n 

REFERENCES FOR SBCTIOTl V 

V-l. Cooper, J. and J. R. Greig: J. Sei.    Instrvments, kOt p. U33 (I963). 

V-2. Brannon, P. J. and F. M. Paeon:    Applied Opties, 12, p. lU2 (1973). 

V-3. Okada, M., S. Shimizu and S.  leiri:    Applied Optics, lU, p. 917 (1975). 

>   k, Okada, M. and S. leiri:    Opties Coomunication, lU, p. h (1975). 

V-5. Huteheson, L. D. and R.  S. Hughes:    Applied Optics, rj, p. 1395 (197^) 

121 
v-15 

ilfc    I 11 iH'i f    Wiiii   1 mtmi I  -■■-- — -       -     - ' ■---             —- -   



R76>921617-13 FIG.V-1 
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FIG.V-3 
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OPTICAL WAVELENGTH MODULATION 
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DYE LASER OUTPUT SPECTRUM 
NO INTRACAVITY ETALON 
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TIME DISPLAY OF DYE LASER OUTPUT 

O.S^sec'div [» Reproduced  from 
best availab1» copy 
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DYE LASER OUTPUT SPECTRUM 

WITHINTRACAVITY ETALON 

a) INTERFEROMETER FSR = 30 X 

b) INTERFEROMETER FSR = 60X 
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DYE LASER TUNING 

a) ZERO VOLTS 

100 A 

b) 500 VOLTS 

c) 1000 VOLTS 
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VI. CONCLUSIONS 

Several flashlamp pumped dye lasers reported in the literature have produced 

IZZrzi Vhe V10watt/range(Rf• IV-1'2)- c—ial n™*lTTso avaixabie that deliver tvnicallv ]/h tn i i/Q ,m4-+-„ /       7 QJ-öU 
T. ö ^    L  , ■'■¥Ci ^yFJ-ca±xy x/q to i 1/2 watts average power (Ref. IV-^O 

leve "fTi M deVelo^nt -rk - ^is project has expended the ave^ pLr 

coIsideLr     ^^ ^e laSerS t0 OVer 100 ^"^ and in*ications fre that considerably more average power could be attained. 

A key element in our development of a high average power dye laser has been 
the vortex stabilized flashlamp. This flashlamp handles higher enerLandhirr 

a^rholT.^f ^^'r Unit '^^ ^^ ^ 0ther ^  0f shortTl eVlaSL^, and it holds promise of having an exceptionally long lifetime. We tested a 6 cm 

tTut' v1*        ' ^^ t0 allOW the flashlamP t0 rea^ a steady state th er ml 
lit ntlT ^r.1"613 OVer 50 kW ^ been di-harged in the flashla^ inter- 
mittently for periods of a few seconds. If the flashlamp envelope were w^er cooled 

le^l ^ L'th6 ^T^  COUld nin ^ SUStained Per^ at a ™ ^ZTv™r      ' 
30 S'li! t r    TT:  gaS COOling that iS CUrrently used we estinate a P8 to 30 Kw limit for sustained operation. 

the J^her d!Vel0pmeni
t 0f the vortex flashlamp is required in two areas. First 

SWLH ^SPar. fP ^^ ^ rePlaCed by a l0nßer lived and P°"ibly higher p^er 
witch like a hydrogen thyratron or solid state thyristor unit. In order to "erate 

current of the oscillating discharge would have to be eliminated. This could 
be accomplished either by critically dampening the discharge with a 3^^stance 

to theTV    Per CirCUit t0 byPaSS the SWitCh ^ Send the -verse ur en to the discharge capacitor.  The latter method is more attractive ,H„„    ent 

return some of the unused charge to the capacitor anl^: ^^L^o    rLL" 
effxcxency.  We estimate that if all the charge in the second current swing which 
occurs after the laser pulse has tenninated) were returned to the capacUor he 
laser efficiency would be improved 50 percent. capacitor the 

h.1 Jf r^f aT 0f imp0rtance for ^^er flashlamp development would be to 
bu Id a closed cycle gas handling system to drive the vortex flL in the flashlL 
This would require a compressor, filter, and heat exchanger to circulate b^T* 
5 and 10 i/sec   (STP) of argon with pressure heads of 10 to  25 psig ^ependlnTon 
input power levels). This is certainly within current technology! A closed cycle 
gas system would allow us to life test the flashlamp with long mnning times a^d 
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We first used the vortex flashlamp to pump an axial flow dye laser in a 
spherical reflector. This laser gavt .n output of h2 watts at a pulse repetition 
frequency of 100 Hz (Ref. IV-U).    The output power was limited by the replacement 
rate of dye solution in the active region. The dye replacement rate was really 
only adequate for a 65 Hz repetition rate. When we tried to flew the dye solution 
faster through the active region,cavitation in the dye cell and pump seal leakage 
occurred. The axial flew laser gave an efficiency of ,h  percent ac a repetition rate 
of 50 Hz. The efficiency dropped to .2$ at 100 Hz.  We project that reliable, 
long lived, axial flow dye laser utilizing the vortex stabilized flashlamp could be 
built that would give an efficiency between 1/2 and 1 percent. This system would 
use a well polished and coated elliptical reflector and take advantage of the 
unused energy returned to the capacitor as described above. Since the geometry 

is an axial flow, the repetition rate would bs limited to 60 to 70 Hz. Average 
powers over 50 watts could be obtained. 

The transverse dye laser is inherently less efficient than the axial flow 
laser. This is because the flashlamp light cannot be collected and focused as 
efficiently into a sheet of dye flowing transverse to the flashlamp axis. The 
improvement that the transverse flow gives with repetition rate, however, should 
outweigh the loss in efficiency. Indeed, we found this to be the case. The 
transverse flow laser gave 102 watts output at a pulse repetition frequency of 
250 Hz. The output was linear up to 150 Hz and fell off from linearity only 
moderately up to 250 Hz. The  principal reason for the small drop in laser pulse 
intensity at the higher repetition rates was shown to be the drop in flashlamp 
light intensity. The drop in flashlamp light occurred during the first U or 5 shots 
after which a steady state was reached. Faster gas flows can help eliminate this problem, 
and we feel that an output significantly greater than 102 watts can be achieved in the 
near future. The dye solution replacement rate in the transverse system was demonstrat- 
ed to be large enough to allow operation at pulse repetition frequencies up to about 
kCO  Hz. Repetition rates over 250 Hz, however, are about at the limit of the present 
power supply and rotary spark gap switch as explained in Section IV. 

The laser was run only for a short time at the high power levels because of 
the spark gap limitations. We feel that there would be no significant drop in laser 
output if we could run for longer periods. A principal distortion effect that might 
have a longer time constant would come from heat transfer to and from the dye cell 
wall and dye solution. A program was set up utilizing the transient heat flow 
equation to determine the heat transferred between the wall and the dye solution 
on a shot to scot basis. The analysis showed that this effect reached a steady 
state after a few seconds, and the heat transferred amounted only to millicalories. 
Any distortion that would have occurred from this effect would take place nainly 
in the first half second and cause a ccntinual drop in laser pulse intensity. The 
pulse intensity, however, reached a steady value after the first few shots. 
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In addition, an experiment was performed in which the outside surface of the 
dye cell was heated to 50oC a\^/e ambient. When the dye solution was flowing at 
rates above .32 ■* /sec no effect on the optical quality of the dye solution was 
observed. 

Burlamacchi and Pratesi have shown (Ref. VI-5, 6) that a waveguide configuration 
for a dye laser is capable of giving efficiencies of 1.7 percent. This laser geometry 
takes advantage of the nonuniform distribution of the refractive index set up by the 
pumping pulse in the active medium. Rays refracted out of the high gain region on 
the flashlamp side of the waveguide are reflected back into this region from the 
opposite side of the waveguide. The optimum spacing of the waveguide was found to 
be O.U nm. A transverse flow waveguide dye laser designed for our system could 
give an enormous increase in average laser powe.- if efficiencies of 1 percent could 
be attained. If this is the case, then with two vortex flashlamps, one pumping 
each side of a slab waveguide, we can foresee average dye laser powers ovor 1 kW. 
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